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Abstract
Peak load levelling through peak shaving and valley filling is need of the hour in
the electricity grid network. A reserve plant or a large scale electric energy storage
plant could be the way out to handle the variable load situations. Though the re-
serve plants have its limitations and often increase the load on the transmission and
grid system, rather than reducing the load during off peak hours. A novel technique
of site-independent energy storage is studied in this thesis work, which do have more
positives about balancing the electrical grid. While, profitability of the energy stor-
age is lie on very thin margins of peak and off peak hour spot electricity market price.
The considered thermal storage operates in a heat-pump mode during the charg-
ing period and in a thermal-engine mode during discharging period. The idea is to
utilise the design concept to integrate with the district energy services, while com-
peting with the conventional district services. The design modifications has been
evaluated based on the efficiency performance and the a profitability study is per-
formed.
Keywords: Electro-thermal energy storage (ETES), CO2 transcritical power cy-
cle, District heating, District cooling, Ice storage, Heat pump, Heat engine, Thermo-
economic optimisation
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Chapter 1
Introduction
Large scale energy storage is likely to play an important role in the power generation
and distribution sector, especially when increasing large shares of unique renewable
energies will be integrated into the electrical grid. So far pumped-hydro is the only
technology which has been widely deployed for this purpose. However the spread of
the pumped-hydro technology is limited due to the geographic constraints and can
not be deployed so easily in unfriendly locations. At the same time, pumped-hydro
involves a ecological destructions and the new one often requires a higher invest-
ment costs associated to the infrastructure and the ecology. Another drawback of
the pumped-hydro storage is that they overload the electricity transmission grid
while charging since, electricity has to travel back to the site dependent pumped-
hydro plant.
In this master project (thesis) work, a specific implementation of the energy
storage concept based on the thermodynamic cycles has been analysed thermo-
economically. This concept is originally introduced and developed by Corporate
Research, ABB Switzerland Ltd. The concept uses the thermal medium for the
energy storage and thus, named as electrical thermal energy storage, ETES system.
The ETES concept uses a CO2 transcritical rankine cycle for the charging and
discharging modes while creating its own heat source and heat sink. This concept is
a site independent energy storage and scalable up to a giga-watt hour (GWh) range
of the stored energy. The fundamental idea is to use electricity to power a heat
pump transferring thermal energy from a heat sink to a heat source; the process is
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termed as the charging mode of an ETES. Subsequently, the stored energy at the
heat source is delivered to the heat sink to run a heat engine, hence re-delivering
the electricity back to the grid when it is needed. The second process is termed as
the discharging mode of an ETES.
1.1 Collaborators
The present master thesis, is a part of a collaboration work between “Industrial En-
ergy Systems Laboratory, EPFL” and “Applied Physics, Corporate Research, ABB
Switzerland Ltd.”, focusing on the system analysis and the thermo-economic studies
of the ETES system.
The master thesis aims at assessing whether synergies between electro-thermal
energy storage (ETES) and district heating and/or district cooling networks could
exist, and if they would lead to an increased profitability compared to a pure elec-
tricity energy storage. Corporate Research, ABB would like to understand/compare
the increased profitability with the added investments and the complexities in the
ETES operation system. The underlying idea is to find the behaviour of an ETES
if it preforms in the three energy service markets, electricity, district heating and
district cooling networks.
1.2 Project’s Tasks
The aim of this project is to study the integration of the district heating and dis-
trict cooling networks with the electro-thermal energy storage system. The project
includes the possible modification on the CO2 trans-critical cycle in charging and/or
discharging modes for this purpose. The following tasks were listed in the beginning
of the project to achieve the mentioned aims -
1. Literature survey on energy storage and on district heating/cooling networks.
2. Identification of the typical the daily load and yearly load profiles of a district
heating/cooling networks.
3. Identification of the typical daily operation modes of energy storage along the
year.
4. Comparative analysis of the found operation profiles to identify the various
possible synergies.
5. Definition of the various relevant synergistic modes of the combined heat and
power storage.
6. Definition of a methodology for optimal sizing of ETES in a given district
heating/cooling network.
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7. Thermo-economic optimization(s) based on a test case district heating/cooling
network.
1.3 Problem Description
With the increasing percentage of renewable energies in the electricity power busi-
ness, a requirement of sufficiently large scale site independent energy storage is
becoming essential. The nature of unpredictability of renewable power production
urges the need of a suitable and responsive energy storage solutions. In this re-
gard pumped-hydro storage systems have been playing a role but do not render the
benefits of a site independent energy storage system. The additional benefit of a
site independent energy storage is that it do not overload the electrical grid net-
work, rather stores the electric energy on site where it might needed in peak hours.
Though, pumped-hydro systems have very high energy storage efficiencies, of the
order of 80% but due to site dependent nature, they often create additional loads
on the transmission grid lines.
An ideal site independent energy storage system should be able to reduce the
load on the electricity grid network while drawing/storing the excess energy from
the electricity grid and acting as a backup power plant in case of the peak load
conditions. These requirements certainly demands a new type of energy storage
which should be reliable and responsive. Battery storage is a site independent but
a costly large scale energy storage. Their potential is also limited by raw material
availability and short life. To address this storage issue, Corporate Research, ABB
has introduced a site independent large scale energy storage system which uses the
thermal medium for the energy storage.
This electro-thermal energy storage uses a trans-critical reverse rankine cycle
with CO2 as the working fluid to store the electric energy into the two thermal
mediums, one being the hot and other being a cold. This heat-pumping mode is
essentially the charging mode of the ETES. This stored energy is later used in to
deliver mechanical (electrical) power through a trans-critical rankine cycle, using the
same CO2 as the working fluid. This heat-engine mode is essentially the discharging
mode of the ETES.
Since, all practical thermodynamic cycles suffer from irreversibilities, the net
round trip efficiency for an ETES system can not be achieved 100%. Also, the energy
has to be dumped into atmosphere which is necessary due to system irreversibili-
ties. There is excess thermal energy at the heat source after one charge-discharge
cycle while the heat sink is completely exhausted. Thus, the discharging cycle is
constrained by the thermal energy at the heat sink and the excess thermal energy
at heat source is required to be dump in atmosphere so that thermal cycle can be
closed. Another option is to install an additional refrigeration unit to produce ad-
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ditional cold at the heat sink while dumping the irreversibilities into atmosphere.
These irreversibilities can be smartly dumped/destroyed while making their use
as a purposeful heating services, such as district heating. Similarly, an integration
of ETES with district cooling network is also possible along with district heating
network. Though, an excessive production of heating and cooling services will be
only possible on the expense of the electricity storage efficiency.
In this thesis work, the various design modification in conventional ETES system
has been suggested to successfully integrate with the district energy networks. These
options has been first evaluated with respect to round trip efficiency as well as exergy
efficiency of the system. The use of additional refrigeration or heating units has been
discarded so that ETES is working independently. Finally, a profitability calculation
is done for the selective design topologies.
1.3.1 Fundamental Ideas and Motivation
The round trip storage efficiency for an ETES should be the multiplication of the
performance efficiencies of the charging and discharging cycles (Hemrle, 2011b). The
coefficient of performance of the heat-pump (charging mode) can be represented by
the Equation 1.1. And, the efficiency of the heat-engine (discharging mode) can be
represented by the Equation 1.2.
COPC =
QH
Wcharging
(1.1)
=
TH
TH − TC ×
1
ηid
× ηir,charging
ηD =
Wdischarging
QH
(1.2)
=
TH − TC
TH
× ηid × ηir,discharging
Thus, the net round trip efficiency is the ratio of the work extracted back from
and given to the ETES system as represented by the Equation 1.3.
ηRT =
Wdischarging
Wcharging
= COPC × ηD (1.3)
= ηir,charging × ηir,discharging 6 1
The developed ETES design of ABB, uses the hot water as heat source and
ice-slurry as the heat sink for the two operating cycles. Though, the integration of
heat source directly with a district heating network will lead to extensive exergy
losses in the system, but the heat sink which is ice-slurry can be well integrated
with the district cooling network. The governing reason behind this is the matching
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temperature ranges for the heat sink and cooling network temperatures.
The motivation behind the project is to use the irreversibilities of the ETES
system in such a way that district heating and district cooling network can be inte-
grated with the ETES, while optimising the system for the high round trip efficiency
and the high exergy efficiency of the new system.
Next step will be the thermo-economic (techno-economic) evaluation of these
new design topologies and report the additional profitability over the added com-
plexity and investments. The marginal production cost will be evaluated for each
topology and it will be compared with the market price.
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Abbreviations
COPC Coefficient of Performance of Heat Pump (Charging) Cycle
ηD Efficiency of Heat Engine (Discharging) Cycle
Wcharging (Electric) Work in Charging Cycle
Wdischarging (Electric) Work in Discharging Cycle
QH Thermal Energy at Heat Source
TH Heat Source Temperature
TC Heat Sink Temperature
ηid Efficiency of Actual Cycle w.r.t. Reversible Ideal Cycle
ηir,charging Irreversible Exergy Losses in Charging Cycle
ηir,discharging Irreversible Exergy Losses in Discharging Cycle
ηRT Net Round Trip Efficiency
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Chapter 2
District Energy Systems
With the increasing concern over the world energy problems and the global warming,
district energy systems (DESs) are playing a small but a significant step towards
the solution of these problems. District energy systems consists of two sub-systems,
district heating network and/or district cooling network. District energy systems
first came in to operation in Europe in mid 50’s but only recently their potential
has been recognised in the activities of conserving energy and reducing the carbon
footprint in the environment. District energy systems, which produces the heating
and/or cooling services centrally and distribute them through a network to vari-
ous type of consumers, residential, commercial and industrial. Currently, almost
all European and North American countries and Japan in Asia are leading coun-
tries where heating and/or cooling services are provided through centralised district
energy networks. The modern and high efficiency district energy systems are cer-
tainly becoming popular among other countries as well; such as Qatar, UAE in the
Middle-East Asia and Singapore etc. have installed the district cooling networks.
In the economical comparison, the district energy systems have better life-cycle
cost compare to other distributed heating/cooling systems, such as electric heat-
pumps or gas powered heaters or electric chiller units. The scale economic effect is
very much evident and thus, larger, bigger and centralised district energy systems
are always cheaper to install, operate and maintain. A centralised plant of DES has
benefits of easier operative controls of loads and other ecological parameters such as
CO2 emissions.
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A district energy system consists of a central heating/cooling plant, a distribu-
tion network and the equipments at consumers’ site. This DES centralised plant is
often connected to the various consumers through piping networks consisting atleast
two pipes, each for carrying away and carrying back the energy transfer medium.
Pressurised steam and hot water are the energy transfer fluids for the heating ser-
vices and cold water and ice-slurry for the cooling services. The energy carrying
fluids are mostly completely recirculated in a closed loop, but sometimes partially
or totally drained at the consumers’ site in some cases. A sufficient insulation of
these long distributed network is carried out and booster pumps (or compressors)
are possibly installed in these networks to overcome the pipe friction losses.
District energy services, heating and cooling both have attributes very similar
to the electricity services, all three are economically efficient urban utility services
with centralised production. Urban residents and commercial buildings should be
attracted towards their value propositions because of their following features -
1. Round-the-clock availability
2. Demand flexibility
3. High supply reliability
4. Wide commercial acceptance with the elimination of distributed heating/cooling
units/plants
5. Lower initial and recurrent operating costs
6. Higher energy and monetary efficiencies
2.1 District Heating
Space heating in residential and commercial buildings is a necessity in the cold coun-
tries such as in European and North American countries. The space heating and
domestic hot water were achieved through distributed manner in the past, while us-
ing the coal, wood, gas, electricity and other means for heat production. The space
heating has evolved in recent decades and it has became more and more centralized
at the district level to attain the higher energetic efficiencies. Most of the building
heating is now done by a central heating plant located in the district, sometimes by
using more than one when district size is too large.
The district heating plants exploit a wide range of heat producing options to
deliver the heating services at the demand site at the desired load and temperature.
The options include electric heaters, electrically powered heat-pumps, oil burners,
wood/bio/waste burners, co-generation with internal combustion engines and gas
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turbines etc. A few old systems are found using steam boilers to provide heat, espe-
cially in most of the industrial sites. But with time, novel and cleaner technologies
are penetrating into the district heating systems.
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Heating
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Waste
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CHP PlantOil Bunrer
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Geothermal,
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Power Plants
Centralised DH Plant Distribution Network Consumer Site
Figure 2.1: Schematic of a District Heating Network
In present time, a typical district heating plant provides heating services to a
mix of commercial, academic, government offices, industrial and residential build-
ings. A schematic of a typical district heating network is illustrated in the Figure
2.1. Due to different type of customers, there is a mix of heating demands (load
curves) and the temperature of supplied heat. Usually, the worst customer and/or
biggest consumer influence the overall design of a district heating network for the
maximum supply temperature.
The users’ end usually has a secondary loop to recirculate the heating fluid
within the building etc., where flow is controlled through a 3-way valve based on
the heating load requirements. The primary loop of district heating network is
possibly connected directly to the building heating networks in some old and simpler
designs. But, with the new regulations on water contamination enforcement are
compelling the use of a secondary loop at the users’ site. The water contamination
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through metal rusting, mineral content and other means, reduces the life-time of the
distribution network and the heat exchangers in place.
2.1.1 Design of a District Heating Network
Most modern district heating plant are connected to combined heat and power
(CHP) plants, an oil burner and waste incineration plant. In some cases, available
waste heat of the nuclear, coal/gas fired power plants are also connected to the
district heating networks. In special sites, bio-mass, geothermal or solar heating
could be coupled with the network as well. The idea is to use the cheapest utility
first and start the next expensive unit subsequently for the additional heating load
requirements. An efficient operation of district heating system requires sufficiently
large thermal storage capacity to smoothen out the load fluctuations in the network.
The heat transfer fluid is usually pressurised steam or pressurised hot water,
though, use of steam is reducing due to inefficiency in operation compare to the hot
water. Other consumers of heating services are hospitals, academic buildings and
research facilities, which carry out special applications which demands high supply
temperature and high peak heating power compare to common heating applications.
Since, temperature demanded at site is often not high in case of heating services,
in most cases hot water (pressurised) is suitable as the heat carrier fluid. We focus
only on the hot water networks in this study, which will be integrated with the ETES.
Most residential, commercial and government buildings require heating services
for two applications, domestic hot water and space heating requirements (POWER,
2008; Mildenstein, 2002). Domestic hot water is required in kitchen, shower and
cleaning purposes such as dishes & clothes. Domestic hot water requirements are
commonly constant on a daily basis with some peaks in particular hours in a day.
On the other hand, space heating requirements are often seasonal and also have their
peculiar daily load curves. Space heating loads are influenced by the ambient tem-
perature, weather conditions (windy, sunny etc.) and also individual’s comfort level.
The heating requirements at a district heating system are also influenced by the
design of buildings, their quality of insulation and the type of space heating (floor
heating or radiator heating). Many buildings use floor heating system for space
heating but, at the same time other buildings may use the radiators for the space
heating. The hot water temperature requirements for these two methods of space
heating are very different. The temperature for the domestic water used in kitchen
and shower purposes should be 45◦C according to ASHRAE Standards 55 (ASH,
2010). A list of the different heating requirements and their respective temperature
level of heat demand in the following Table 2.1 is mentioned.
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Demand Temperature Level
1. Space Heating
Floor Heating 35◦C
Radiator Heating (New) 50− 60◦C
Radiator Heating (Old) 80− 90◦C
2. Domestic Hot Water
Kitchen & Shower > 60◦C
Cleaning Applications ' 90◦C
3. Special Applications
Hospital (Sterilization) ' 120◦C
Research/Academic Activities ' 120◦C
Table 2.1: Temperature Levels of Various Heating Requirements (POWER, 2008;
Mildenstein, 2002)
Domestic hot water coming directly in contact of humans should be heated above
60◦C once in a week for about one hour to kill the Legionella bacteria (PCA, 2011;
RWC, 2004). It is an ubiquitous aquatic organism that grows in water from 25◦C to
45◦C temperature range and it can causes Legion fever in humans. Thus, domestic
hot water is usually needed 60◦C as the required temperature of heating, whereas
this hot water will be mixed with fresh water so that tap water in kitchen, showers
and water closets is below 45◦C. This temperature is considered as an acceptable
limit for human beings to avoid any skin burn from hot water.
In respect to the special application of hot water services, hospitals, research
and academic facilities may require hot water or steam at much higher temperature
level. In most cases, they have their own heating services for specialised applica-
tions other than space heating and shower etc. These high temperature activities
may be tool/equipment sterilisation and experimental activities. Usually, these high
temperature loads are very small with respect to the total heating loads in a district
heating network and thus, local production of high temperature heating service is
often a rational choice.
Space heating through floor is an effective method, which utilises the maximum
surface area and a uniform heating throughout the rooms/building. It is usually
expensive and difficult to upgrade or modify after installation. Since, the floor tem-
perature should be maximum 28◦C for human comfort level (ASH, 2010), the hot
water should be approximately 35◦C while considering the thermal resistance of the
floor and piping materials.
Another method of space heating is through radiators, often positioned next to
room walls. Since, they often have smaller heat exchange areas, water with higher
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temperature is required compare to the floor heating method. Temperature ranges
could be between 50−60◦C for new and well designed heating radiators and 80−90◦C
for old and/or smaller radiators. Though heating power is subject of individual’s
comfort choice which he will control through varying the flow rate through a control
knob/valve.
With the use of above information, it may be suggested that a supply tempera-
ture of 90◦C will be suffice for all domestic hot water and space heating applications,
while ignoring the specialised applications in hospitals etc. In a standardised way,
most of the district heating networks are designed with 90◦C as supply temperature
and 60◦C as the return temperature for the hot water network. Though, supply
and return temperatures usually are a function of several variables such as net heat-
ing demand/load, ambient temperature and weather conditions etc. (Mildenstein,
2002). For an example in Sweden where, supply-return temperatures are found as
high as 120◦C and 80◦C respectively.
Load Control in a Heating Network
A control over the power of a heating system can be done through varying the mass
flow rate and/or supply & return temperature (Gustafsson, 2011; Gabrielaitiene,
2007). The following Equation 2.2 constitute the possible control of the heating
power of a thermal stream in any network, where heat capacity Cp is considered
constant for the operating range of temperatures. Thus, in a district heating net-
work, mass flow rate and supply temperature of the hot water are varied in such a
way that required heating power (load) can be matched along with maintainability
of decent return temperature. Though, user has only one option to vary the flow
rate at his end to match up the coveted heating comfort.
Q˙ = U.A.(LMTD) (2.1)
Q˙ = m˙.Cp.(TS − TR) (2.2)
The Equation 2.1 represent the relation between heating power and temperatures
of the two thermal streams participating in a heat-exchanger. Since, heat transfer
surface area is constant for a heat-exchanger, the only parameters which control the
heating power are inlet and outlet temperatures of primary thermal stream (hot wa-
ter). Secondary stream represents the service/demand such as domestic hot water
and heated room air, for which outlet temperatures are the desired ones as men-
tioned in the Table 2.1. Inlet temperature of the secondary stream (domestic hot
water) is dependent on the water source such as lake, river or well. And in the case
of room air (space heating), temperature is govern by atmospheric temperature,
building insulation, building design etc.
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Figure 2.2: Schematic of a Space Heating at User Site
In a summary, district heating network operator controls the demand through
varying the mass flow rate and the supply temperature in the primary loop and
users controls their comfort level through varying only mass flow rate in the sec-
ondary loop. Where, an acceptable return temperature in the primary loop of dis-
trict heating network is desired for the network operator and a comfortable service
temperature of air and domestic hot water is required for the end user.
2.1.2 Proposed District Heating Network
AHSARE Standard 55 which corresponds to standards for “Thermal Environmental
Conditions for Human Occupancy” (ASH, 2010) has been considered as a bench-
mark for suggesting the new type of district heating network. The suggestions con-
sist the design modifications at the user site (buildings) secondary loop as well as
corresponding changes to the operating temperatures of the district heating network
(primary loop). “Acceptable operative temperature ranges for naturally conditioned
spaces” of the Standard 55 provides a domain of comfortable indoor temperature
with respect to the outdoor air temperatures.
“Local discomfort caused by warm and cool floors” of the standard suggests that
floor temperature of 24◦C is the most pleasant for occupants, higher or lower tem-
peratures of floor surface cause discomfort and percentage of dissatisfied occupants
increases. This suggests that either in space cooling or heating through floors, it
should be between the temperature range of 19− 29◦C, near the 24◦C point. While
“Local thermal discomfort caused by vertical temperature differences” explains the
allowed temperature gradient vertically in a room.
Similarly, for the space heating through radiators, “Local thermal discomfort
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caused by radiant asymmetry” from standards is a valuable information. With the
compilation of all these information, the real needs of radiator and floor heating
can be listed as in the following Table 2.2. The corresponding temperatures of the
district heating network are also suggested in the same Table 2.2.
Space Heating
Secondary Loop District Heating Network
In-Out Temperature Supply-Return Temp.
Floor Heating 35◦C − 28◦C
70◦C − 35◦C
Radiator Heating 50◦C − 35◦C
Table 2.2: Suggested Temperature Levels for Space Heating
The suggested district heating supply-return temperatures of 70◦C − 35◦C is an
ideal stream temperature to minimize the exergy losses in heat transfer to secondary
fluid of space heating. These suggested temperatures might be needed to re-design
and/on replace the old radiators used in the buildings. It is also to be noticeable
that noise caused by the flow in pipes and heat-exchangers could be irritating for oc-
cupants and thus, heat-exchange surface area has be increased to avoid this situation.
These temperatures would be sufficient for domestic hot water needs in kitchens
and water closets. The domestic water is usually heated from ambient temperature
of 9−12◦C to 60◦C and thus create a large temperature difference (∆Tmin) between
the streams, i.e. small heat-exchanger area along with considerable exergy losses.
Another option is to heat the domestic water upto 45◦C through district heating
network and then stored at site. This stored water should be treated once in a week
by heating above 60◦C to kill the Legionella bacteria at site itself through electric
heating. This method will lower the temperature levels of the district heating sig-
nificantly to 55◦C − 35◦C as supply-return temperatures. These temperatures are
closer to the ambient temperature and thus, reduces the need of high insulation in
the network piping and also increase the system efficiency.
For the cleaning purposes (clothes and dishes), water can be heated electrically,
as usually most of all modern dish washers and cloth washing machines are equipped
with electric heater as their integral part of design. In a summary, a district heating
network with 70◦C − 35◦C as supply-return temperatures will be suitable for space
heating and domestic hot water production. While, a network with 55◦C − 35◦C
as supply-return temperatures along with electric heater and storage at user site
will be suitable for both space heating and domestic hot water production. Similar
low temperature district heating network has been suggested by Olsen (2008) and
Jorgensen (2011).
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The underlying idea of using these lower temperature ranges in heating network
is that it will increase the net exergy and round trip efficiency of an ETES system
upon its integration with heating network, compare to the conventional heating
network temperatures. Another point is also noticeable is that domestic hot water
is about 1/10th of the peak space heating loads for a district and thus, decoupling
between the two is possible. The following subsection illustrate the district heating
loads with examples.
2.1.3 Characteristics of a District Heating Load
IEA Handbook on district heating-cooling (Mildenstein, 2002) lay down some stan-
dards and characteristics of the district heating and cooling networks. It is important
to understand the behaviour of various parameters as a function of ambient temper-
ature, while hourly variation in load is another dimension to be addressed later. The
following Figure 2.3 is taken from the technical report of Va¨rmeforsk Service AB
(Boman). It focuses on the Swedish City of Uppsala and illustrates the behaviour
of supply-return temperatures/pressures and mass flow rate in the heating network
as a function of outside temperature.
The mass flow rate in the heating network is minimum for ambient temperatures
higher than 10◦C and it increases with the drop in ambient temperature. Flow rate
of water in the network is almost constant for subzero temperatures. Supply tem-
perature also follows the same trend as illustrated in the Figure 2.3. While return
temperature has a ‘V’ shaped curve with a minimum at 10◦C. Similar observations
over the network parameters have been found by Snoek and Cuadrado (2009). It is
to be noticeable that these plots do not convey any information over the operating
hours at a certain point. Although, they signify that operating temperature varies
every hour with respect to ambient temperature and load. It will be an important
point to see if ETES heating integration has these characteristics or not.
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Figure 2.3: Supply-Return Temperatures of DHN in Uppsala, Sweden (Boman)
Second characteristic of the district heating network is that it should match the
seasonal variation in heating demand, for an example shown in the Figure 2.4 for
the Lausanne city in Switzerland. The district heating plant of Lausanne was one
of the first in Switzerland, established in 1934 and serves around 1,000 buildings
in Lausanne (SiL, 2008). It receives heat from TRIDEL - waste incineration plant,
STEP - water treatment plant and CAB - sewage burning most of the period of the
year . In winter, in peak hours it receives heat from other plants which operates on
natural gas and fuel oil.
This seasonal variation is almost symmetric and ‘U’ shaped. It will be advisable
to replace the high carbon footprint utilities, natural gas and fuel oil by the ETES
district heating integration. That is, ETES will be producing heat in winters and
operating as pure electric storage in summers and/or producing district cooling if
there is a demand.
Lausanne heating plant delivers space heating from the month of September to
May, while domestic hot water services are available throughout the year with al-
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most constant heat load. It is found in most cases that average domestic hot water
load is 1/10th of the peak space heating load. Thus, there is a possibility to decouple
these two heat loads with focus on providing the low temperature heating through
an ETES system, which will focus mainly on space heating application.
Production de chaleur : producteurs utilisés
Figure 2.4: Lausanne District Heating (SiL, 2008)
Third desired characteristic of a district heating plant is to match the hourly
load variation in the network. Hourly variation for a typical day in Lasuuane has
been illustrated in the Figure 2.5, where this load variation may be caused by human
activities w.r.t. day (working day / holiday etc.), ambient temperature and other
climate conditions.
As discussed in the superior section, the prediction of exact heating loads is
depended on various factors and it is extremely difficult to match the on time de-
mand with on time production of heating services. Thus, a set of sufficiently large
storage tanks should be used. These storage tanks are typically smoothen out the
load fluctuation in the network and provide significant reaction time for the next
backup unit to start-up or shut-down along with savings in primary energy (Verda,
2011). Finally, three characteristics for a district heating network are matching up
with load variation with respect to the ambient temperature, the season and the
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day hour.
Variation journalière
Variation journalière de production d’énergie d’une centrale
Exemple : Centrale de Pierre-de-Plan, le 30.01.2004         P [MW]
Figure 2.5: Lausanne District Heating
2.1.4 EPFL Heating Plant Operation
A test case of EPFL heating plant has been selected for additional operational under-
standing; some important facts related to this plant are mentioned in this subsection.
The plant has responsibility to provide heating services to two sets of building at
EPFL (old and new ones). The Figure 2.6 represents the supply-return temperature
with respect to the ambient temperature of two type of buildings in EPFL, ‘MT’ and
‘BT’ which represents the old and new type of building constructions respectively
(Schmid, 2005). Another report, published in 2007 on EPFL energy services (Vol-
lichard, 2009) mentions the plant layout, heating utilities, power statistics, storage
and other essential operation details of EPFL heating plant and energy services.
EPFL being an academic society, most of the heating demand is for space heating
through radiators mostly and in latest construction through floor. The hot water for
shower and other experimental purposes is produced locally in distributive manner
by using electrical or gas water heaters. EPFL heating plant consist of two heat
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pumps of 4.5 MW heat capacity each and two gas turbines with 5 MW of heat ca-
pacity & 3 MW of electricity capacity each. The heating is supplied above 16◦C of
atmospheric temperature and thus plant is non-operational from June to September
months.
Supply-Return Temperatures of EPFL Heating Plant
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Figure 2.6: Supply-Return Temperatures of EPFL Heating Plant (Schmid, 2005)
This plant is unique in nature, where heating demand is not followed directly
by the operation of heat pumps and co-generation gas turbines. There are three
thermal energy storage tanks in use and the heating utilities come into action when
the storage tanks go below certain energy reserve. In a typical winter day, these
tanks may provide heating upto finite number of days (3 to 5 days) before being
fully drained. This kind of operation is a special case compare to other district
heating plants such as in Laussane city. EPFL heating plant only supplies heat for
space heating needs and also it is a low-temperature heating plant.
2.2 District Cooling
Dissimilar to district heating network, district cooling is fairly new phenomenon and
rapidly growing in all parts of the world. District cooling network delivers chilled
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water to residential and commercial buildings for the space cooling purposes. Dis-
trict cooling application can be found in Canada, Sweden, USA, other European
countries on a large scale. In recent years, hot weather countries like Qatar, UAE,
Singapore and Hong-Kong (Chow, 2004) have installed large scale district cooling
plants. At the same time other hot weather countries are the potential followers of
such networks, while installation of centralised chiller plants for individual buildings
is already a trend in these countries.
The application of cooling in a district is mainly for the space cooling purposes.
The space cooling is associated with the comfort and luxury of the occupants in
a commercial or a residential building. The comfort is associated with the room
temperature, the relative humidity and the air flow etc., collectively termed as air-
conditioning. The occupant’s comfort is a function of the room temperature and
the relative humidity along with the individual’s choice of comfort feeling. An intel-
ligent prediction of the air and floor temperatures with respect to the given ambient
(outside) temperature can be interpolated (ASH, 2010).
Another use of district cooling is the data-center cooling application, where en-
vironment is required to maintain air temperature in a certain range for the efficient
functioning of the super computers and servers. Specification of data center cooling
can be found in ASHRAE Standard of “Thermal Guidelines for Data Processing
Environments” (Dat, 2011) and Intel’s white paper (Fenwick, 2008).
2.2.1 Design of a District Cooling Network
District cooling is produced at a central site by the means of electric heat-pumps,
often termed as chillers. Some installations may be equipped with the absorption
chiller if a heat source is available (solar, waste heat etc.). The chiller plant is mostly
assisted with a cold thermal storage unit, which allow the levelising of the cooling
loads in the network during the day or season and creating a match in supply and
demand of cooling services (Chow, 2006; Hossain, 2004). Usually, this cold thermal
storage is done through ice or ice-slurry production and storage through vacuum ice
maker. .
In Europe a typical district cooling plant supplies cooling services at the temper-
ature level of 5− 7◦C while with an expected return temperature of 12− 15◦C. The
very similar supply and return temperatures are found in Singapore and Qatar dis-
trict cooling plants’ operation. The water is typically pressurized upto 5 bar in these
cooling systems to overcome the large distribution piping losses. In cold countries
during winter period, the cold water is often taken from near by lake or sea water,
contrary to hot countries where the cold water is produced by chillers/refrigerators.
Lake and sea water is a cheaper resource compare the use of electricity to run the
compressors for cooling.
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Similar to district heating network, a district cooling network consists of three
parts, chiller plant, distribution network and user-site secondary loop. A schematic
of the district cooling network is illustrated in the following Figure 2.7.
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Figure 2.7: Schematic of a District Cooling Network
Proposed District Cooling Network
Keeping AHSARE Standard 55 (ASH, 2010) in consideration, the new district cool-
ing network is suggested and the needs are listed in the following Table 2.3.
Space Cooling
Secondary Loop District Cooling Network
In-Out Temperature Supply-Return Temp.
Air (Duct) Cooling 18◦C − 24◦C 10− 16◦C
Ceiling Cooling 16◦C − 20◦C 12− 18◦C
Data Center 16◦C − 24◦C 8− 14◦C
Table 2.3: Suggested Temperature Levels for Space Cooling
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Thus, a district cooling network with 8◦C and 15◦C as the supply-return tem-
perature should be an ideal one. Positive to this configuration is lower exergy loss
and higher system efficiency. Negative dimension of the very small temperature
difference (∆Tmin) between primary loop (chilled water stream) and secondary loop
may lead to slow response to the change in the ambient temperature. It should
be noticed that fast response system is a sort of luxury of ease in operation at the
user-site and the adaptiveness of the cooling network with the desired load. And,
this luxury comes at a cost of exergy (loss of) and subsequently additional monetary
costs.
2.2.2 District Cooling in Singapore
District cooling network of Singapore is an innovative urban utility service through
a centralised production of chilled water that is distributed to commercial buildings
for air-conditioning. Singapore District Cooling Pte. Ltd. (SDC) is a joint venture
between Singapore Power and Dalkia, a French energy company and provides dis-
trict cooling services to the Marina Bay (Singapore, 2010; Kee, 2010). SDC started
operation in May 2006 with its first district cooling plant and in May 2010, SDC
commissioned the second plant. Total designed capacity of collective 5 SDC chiller
plants is 900MWr, while plant 1 has a designed capacity of 157MWr, out of which
97MWr is already installed and plant 2 has a designed capacity of 180MWr with
60MWr is already installed.
Regarding the operations of cooling plant, SDC maintains the supply temper-
ature of 6◦C ± 0.5◦C under normal operating conditions, while consumers shall
maintain the return temperature of 14◦C or higher (Singapore, 2010; Kee, 2010).
Since, Singapore is situated very close to equator, it can be assumed that load on
district cooling network would be almost constant throughout the year. Unlike, the
European countries where cooling demand is high in the months of summer and less
in the months of winters.
District Cooling in Qatar
Qatar has world’s largest district cooling plant, Integrated District Cooling Plant
(IDCP) at the The Pearl-Qatar with a cooling capacity of 130,000 refrigeration tons
(457 MWr) and was inaugurated on 10th November 2010.
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Abbreviations
Q˙ Watt (J/s), Heating Power
m˙ kg/s, Mass Flow Rate
Cp J/kg/K, Specific Heat Capacity (Constant Pressure)
LMTD K, Log Mean Temperature Difference
TS K, Supply Temperature
TR K, Return Temperature
U W/m2/K, Overall Convective Heat Transfer Coefficient
A m2, Heat Exchanger Surface Area
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Chapter 3
Analysis of the Frozen Design
ETES
A novel technique of site independent energy storage has been developed in the
form of “Electro-Thermal Energy Storage”. It is based on the transcritical thermo-
dynamic cycles with CO2 as the working fluid (Hemrle, 2011a). The technology was
developed by Corporate Research, ABB Switzerland Ltd. in Baden Da¨ttwil. The
most common feature of an ETES system is to store electrical energy in thermal
form during the charging mode and later, use the thermal energy to convert back
into the electrical energy in the discharging mode. Thus, the round trip (shaft to
shaft) energy efficiency is the performance parameter of a given ETES design. The
losses in the system are usually because of the irreversibilities in the thermodynamic
processes such as heat-change, compression and expansion.
The other characteristics of an ETES involve a smaller footprint compare to
other large scale energy storage systems, behaviour as a primary backup plant, grid
balancing through load reduction etc. Though energy storage is not cheap to build
and their profitability solely depends on the peaks and troughs of the spot electric-
ity market price. Most of the cities, where an ETES is likely to be installed, other
energy services in the form of district heating and/or district cooling are also deliv-
ered. Since, district heating can be produced by using electrically driven heat-pump
which is an itself a very efficient way of heat production. There is a possibility to
benefit from the heat-pumping mode of the ETES to provide the heating services
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whenever it is profitable compare to the pure electricity storage.
Similarly, district cooling services are produced mainly through refrigeration cy-
cle, powered by electricity and this can also be integrated with an ETES to increase
the net profitability of the system. Important is the selection of the design of an
ETES system and the suitable modifications in ETES design which will comply with
the district energy services’ temperature level. There are many possible designs of
an ETES system whether it is a selection of a thermodynamic cycle, the storage
media or the temperature levels of the thermal storage. The most promising design
of the ETES (frozen design) is discussed in this chapter and same design is then
considered as the basis of modifications to integrate an ETES with the district en-
ergy system. The references Morandin (2011b); Henchoz (2010); Hemrle (2011b);
Morandin (2011a); Hemrle (2011a) have been considered for the various data, as-
sumptions and already established concepts in this study.
3.1 Electro-Thermal Energy Storage - ETES
As ETES system’s operation is consist of two succeeding processes, charging and
discharging modes. A simplest way to store electrical energy in the form of thermal
energy is to use a heat-pump cycle and convert the electrical energy into the ther-
mal energy. This thermal energy is then required to store in a thermal media (heat
source), such as hot water. While heat-pump is in operation it is required to take
the heat from a heat sink. Heat-pump cycle is essentially a reverse rankine cycle
where, heat is taken from the heat sink (low temperature) and delivered to the heat
source (high temperature) while consuming the mechanical energy (electricity) for
running the compressor. This heat sink could be created through a mean of cold
thermal storage or atmosphere can be utilised for this purpose.
The next process is to convert this thermal energy back into the electricity (me-
chanical energy) by using a thermal-engine. A thermal-engine cycle is a rankine
cycle where heat is taken from a heat source (high temperature) and dumped to the
heat sink (low temperature) while producing the useful mechanical work (electric-
ity). A schematic of heat-pump and thermal-engine is represented in the following
Figure 3.1. The net efficiency of this kind of storage is then the multiplication of
the performance parameters of the two cycles, (Equations 1.1, 1.2 and 3.1).
ηRT =
Wdischarging
Wcharging
= COPC × ηD (3.1)
= ηir,charging × ηir,discharging 6 1
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Where as coefficient of performance, COPC of heat-pump and thermal efficiency,
ηD of heat-engine do not consider the exergy losses in heat transfers. For a realis-
tic heat exchange between the the streams, a finite heat-exchange area is required
and it will then force to have a finite temperature difference (∆T ) between the the
streams. These losses constitute the significant exergy losses when the heat source
and heat sink temperature levels are respectively closer.
Heat Source, TH
Heat Sink, TC
Work
W
QH
QC
Heat Source, TH
Heat Sink, TC
Work
W
QH
QC
HP TE
Figure 3.1: Schematic of Heat-Pump and Thermal Engine
The performance of a heat-pump is maximized while the heat source and heat
sink temperature levels are very close to each other 1.1, where as, efficiency of a
thermal-engine is maximized while the heat source and heat sink temperature levels
are as far as possible to each other. A realistic ETES approach can be defined as in
the following Figure 3.2 while considering the heat transfer temperature differences.
Another source of losses in an ETES system is the efficiency of the real thermody-
namic cycle with respect to the carnot cycle efficiency, which is usually, effect of the
irreversibilities of the turbo-machines involved in the thermodynamic cycles. Due
to all these irreversibilities in an ETES, it is heat source rich system i.e. discharging
mode is constrained by the size of the heat sink and additional heat sink has to
be created. This is done by using an ammonia (NH3) heat-pump which produces
additional cold storage while destroying the system irreversibilities into environment
as shown in the Figure 3.2.
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NH3 - HP
HP TE
Environment
Hot Storage - Heat Source
Cold Storage - Heat Sink
W_HP W_TE
HP_T_high
HP_T_low
TE_T_high
TE_T_low
W_NH3_HP
Q_L_HP
Q_H_HP
Q_L_NH3
Q_H_TE
Q_L_TE
Q_H_NH3
Figure 3.2: Schematic of a Realistic ETES
Next step is to select a suitable working fluid and a suitable thermodynamic cycle
such that a high efficient energy storage can be developed. Later, these irreversibili-
ties will be used for efficient integration with the district heating and cooling services.
3.1.1 CO2 based Trans-critical Cycle
Various types of thermodynamic cycles have been studied and evaluated by Henchoz
(2010) to find the suitable electro-thermal energy storage methods. A selection of
suitable thermodynamic cycle is important, having high efficiency and also compat-
ible with thermal energy storage. Since, CO2 is used as the working fluid in this
study, a brayton cycle should be a natural selection among all the thermodynamic
cycles, which is an ideal cycle for the gas turbines/compressors. A comparison
among the brayton cycle, sub-critical rankine cycle and trans-critical rankine cycle
was performed.
Finally, a CO2 based transcritical cycle has been used as the thermodynamic
cycle for the development of the ETES system while using the hot water as the heat
source (high temperature thermal storage) and the ice-slurry as the heat sink (low
temperature thermal storage). The selection of high and low pressures has been done
in such a way that the mass heat capacity (m˙Cp) of evaporating/condensing CO2
can be matched with the mass heat capacity (m˙Cp) of the water and ice-slurry. This
ensures the minimum exergy losses during the heat exchange between the working
fluid and storage fluid streams.
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Figure 3.3: CO2 T-S Diagram - Transcritical Cycle Pressure Curves
The above mentioned Figure 3.3 illustrated the ‘Temperature-Enthalpy’, T-S
diagram of CO2, which is a fluid with very different properties compare to other
gases and fluids. CO2’s triple point temperature is −56.57◦C at 518.5 KPa pressure
and critical point temperature is 31.03◦C (304.18 K) at 7.38 MPa (73.8 bar) pressure.
CO2 has a comparatively low viscosity and also poses high heat transfer coefficients
for pressurised range. These properties make it suitable for extremely high power
density trans-critical rankine cycle operation. Most of the physical properties of
CO2 have been calculated from the “REFPROP” tool.
3.1.2 Storage Media
An ETES can operate with one hot thermal storage as the heat source while there
are various options for the heat sink, such as the atmosphere or a cold thermal stor-
age. The benefit of having a cold thermal storage is that system’s performance will
be independent of the variations in the ambient temperature. A hot thermal storage
in ETES should match the requirements at the high pressure side of CO2, which is
operating in long temperature range. ETES creates its own heat source and heat
sink temperature levels, a rational selection of high and low pressure levels should
be done, compatible with respect to their storage mediums (fluids).
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The following properties should be possessed by a storage fluid, which would
make it an efficient storage media -
1. High density i.e. minimum footprint during the fluid storage
2. Non-toxic, non-corrosive, non-reactive, non-hazardous
3. Avoid high pressurised fluids, lower storage tank cost
4. Naturally occurring
5. High heat transfer coefficient
6. High heating capacity (sensible and/or latent)
7. Low Viscosity, less pumping losses
8. Chemically Stable with variation in temperature
While considering the transcritical cycle of CO2, a hot water storage will be an
ideal one for the high pressure side. Since, the mass heat capacity (m˙Cp) of CO2
for supercritical pressure line is not linear, a series of storage tanks and split water
streams will be used to minimize the exergy losses in heat exchange. On the low
pressure side, it is 2-phase (liquid-vapour) constant pressure curve and thus, 2-phase
(liquid-solid) curve of water will be an ideal match.
3.2 Frozen Design - ETES
This section describes the frozen design of the trans-critical CO2 cycle based ETES
system. Frozen design is an evolved version of the ETES design among all the
previous work done by Henchoz (2010); Morandin (2011a); Hemrle (2011a). The
considered system consists of three parts, heat-pump, thermal-engine and a ammo-
nia heat-pump unit. The purpose of using the ammonia chiller unit is to operate
the ETES in an independent manner. A schematic of frozen design is mentioned
in the following Figure 3.4 which consists of four turbo-machines, a compressor, a
turbine, a pump and an expander. There is ice making heat exchanger which is
located on the low pressure side of the cycle and connected with a ice-slurry storage
tank. There are four storage tanks for hot water, including one pressure vessel which
is to constrain vaporisation of water at higher temperature. These water tanks are
connected to three heat exchangers (represented as single heat exchanger in the fig-
ure), located at the high pressure side of the cycle. High and low pressure sides
essentially represent the heat exchange at heat source and heat sink respectively.
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Ice-Slurry Tank
Ice Making HEX
Hot Water HEX
Compressor TurbineExpander
Pump
Water Tank 1
Water Tank 2 Water Tank 3
Pressure Vessel
Charging Mode
Discharging Mode
Figure 3.4: Schematic of the Frozen Design ETES
3.2.1 Frozen Design Specifications
Base case scenario of the frozen design has the power of 5 MW both in charging and
discharging cycle. This is a pilot plant ETES at Auwiesen, Switzerland, whereas, a
plant size could be varied from a small 1 MW size to a large 20 MW plant. Some
important specifications has been highlighted in the following Table 3.1.
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Parameter Value
Charging Power 5 MW
Discharging Power 5 MW
Charging Time 8 Hours
Discharging Time 4.4 Hours
High Pressure - Charging 140 bar
High Pressure - Discharging 135.3 bar
Low Pressure - Charging 32.6 bar
Low Pressure - Discharging 39.3 bar
Pressure - Water Pressure Vessel 2 bar
Maximum Temperature of Water Pressure Vessel 115.4◦C
Temperature of Intermediate Water Tank 1 79.3◦C
Temperature of Intermediate Water Tank 2 43.6◦C
Minimum Temperature of Water Tank 16.33◦C
Round Trip Efficiency 55.0%
Ice Storage - Water/Ice ratio 50 - 50%
Compressor Power, Charging 5.86 MW
Expander Power, Charging 0.86 MW
Turbine Power, Discharging 7.25 MW
Pump Power, Discharging 1.82 MW
Ammonia Heat Pump Power, Discharging 0.43 MW
CO2, Mass Flow Rate, Charging 81.1 kg/s
CO2, Mass Flow Rate, Discharging 145.2 kg/s
Table 3.1: Frozen Design Specifications - 5 MW ETES
3.2.2 Charging Cycle
The charging cycle of the frozen design, which is a reverse rankine (heat-pump)
cycle, consists of four sub-processes. It starts with the isobaric evaporation of the
stored liquid CO2 at 32.6 bar pressure. A pressure drop of 0.2 bar is considered in
CO2 stream for each heat-exchanger involving CO2 stream. Evaporation is carried
by formation of ice-slurry and storing it in a tank.
Evaporation is followed by the isentropic compression process, where CO2 is
pressurised from 32.6 bar vapour state to supercritical state at 140 bar. Since, real
compression process is non-reversible and thus, a slight increase in entropy is found,
which is basically governed by the isentropic efficiency of the turbo-machine, com-
pressor in this case. The Maximum cycle temperature for the CO2 is achieved at
the end of the compression process, which is 119◦C which is slightly higher than the
storage temperature of the pressure vessel.
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Third process involves the isobaric condensation of the CO2 stream in series of
heat-exchangers, which is basically giving away the thermal energy to water and
water is stored in four storage tanks. Again, a pressure drop of 0.2 bar is considered
in CO2 stream for each heat-exchanger involving CO2 stream, total of 0.6 bar in
this case. The use of split water streams, is require to match the mass heat capacity
(m˙Cp) of CO2, which is not linear. CO2 stream is subcooled to 17.6
◦C after con-
densation process is finished.
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CO2 stream 1:
Temperature: -2.73 °C
Pressure: 32.4 bar
Mass $ow: 81.1 kg/s
Density: 89.5 kg/m3
Enthalpy: 432.3 kJ/kg
Quality: x=1
CO2 stream 2:
Temperature: 119.0 °C
Pressure: 140.0 bar
Mass $ow: 81.1 kg/s
Density: 258.2 kg/m3
Enthalpy: 504.7 kJ/kg
Quality: supercritical
CO2 stream 4:
Temperature: -2.5 °C
Pressure: 32.6 bar
Mass $ow: 81.1 kg/s
Density: 441.6 kg/m3
Enthalpy: 222.6 kJ/kg
Quality: x=0.12
CO2 stream 3:
Temperature: 17.6 °C
Pressure: 139.4 bar
Mass $ow: 81.1 kg/s
Density: 908.4 kg/m3
Enthalpy: 232.4 kJ/kg
Quality: subcooled
Figure 3.5: ETES Charging Cycle in T-S Diagram (Hemrle, 2011a)
Final process is the isentropic expansion of the CO2 stream to the low pressure
32.6 bar, which is done through an expander, very similar to a turbine. A use of ex-
pansion valve is restricted unlike in the steam cycle, since significant pressure work
can be extracted from the expansion with CO2 stream. The isentropic efficiency of
the expander is usually smaller compare to other CO2 turbo-machines (Appendix
A.5, Table A.8).
After the expansion process, CO2 is in two phase with a vapour quality of 0.12,
which is then goes for the evaporation process in the ice-slurry heat-exchanger.Temperature
achieved after expansion is −2.5◦C which is lower then the freezing point of the wa-
ter. A maximum vapour quality of 0.15 has been considered as the safe limit of the
expander working. The above Figure 3.5 is illustrating the various process and the
corresponding physical states during the charging cycle of the ETES.
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3.2.3 Discharging Cycle
The discharging cycle is the rankine cycle (thermal engine) and involves four sub-
processes. First process is the isentropic compression through a pump, where CO2
is pressurised from 39.3 bar liquid/subcooled state to subcooled state at 138.5 bar
and 14.1◦C. This temperature is slightly lower than the coldest storage water tank
temperature.
Next is the isobaric evaporation of the subcooled CO2 at 138.5 bar pressure from
14.1◦C to 113◦C, supercritical state. The evaporation process is carried by subse-
quent heating from the split water streams using the four hot water storage tanks.
A pressure drop of 0.2 bar is considered in CO2 stream for each heat-exchanger.
The maximum temperature of the discharging cycle is achieved at the end of the
evaporation process.
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CO2 stream 6:
Temperature: 14.1 °C
Pressure: 138.5 bar
Mass $ow: 147.6 kg/s
Density: 926.5 kg/m3
Enthalpy: 224.5 kJ/kg
Quality: subcooled
CO2 stream 5:
Temperature: 4.6 °C
Pressure: 39.3 bar
Mass $ow: 147.6 kg/s
Density: 898.5 kg/m3
Enthalpy: 211.5 kJ/kg
Quality: subcooled or x=0
CO2 stream 7:
Temperature: 113.0 °C
Pressure: 137.9 bar
Mass $ow: 147.6 kg/s
Density: 264.4 kg/m3
Enthalpy: 495.9 kJ/kg
Quality: supercritical
CO2 stream 8:
Temperature: 15.1 °C
Pressure: 39.5 bar
Mass $ow: 147.6 kg/s
Density: 100.3 kg/m3
Enthalpy: 446.4 kJ/kg
Quality: superheated
Figure 3.6: ETES Discharging Cycle in T-S Diagram (Hemrle, 2011a)
Evaporation is followed by the isentropic expansion of the CO2 stream from high
pressure to the low pressure of 39.5 bar through a turbine. The isentropic efficiency
of the turbine gives the corresponding rise in entropy of the CO2 stream. The exist
state of the turbine is the superheated CO2 stream at 15.1
◦C. If in case, exit state
of the turbine is two phase, a maximum vapour quality of 0.7 is considered as the
acceptable safe limit for the turbine operation.
Last process is the isobaric condensation of the CO2 stream in ice-slurry heat-
exchanger, where CO2 stream gives away its thermal energy to ice-slurry to melt it.
CO2 enters in the superheated state in the condenser and exits from the condenser
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in the subcooled state (vapour quality = 0) followed by the compression process.
The above Figure 3.6 is illustrating the four process and the corresponding physical
states during the discharging cycle of the ETES.
3.2.4 Hot Water Storage
The water is used as the hot storage fluid in ETES system, which fulfill most of the
criteria of a good storage media. The sensible heat of water is utilised to exchange
the heat with the CO2 stream. Water stream is heated up in the charging process
and cooled down in the discharging process. The mass heat capacity (m˙Cp) of water
is almost constant for temperature range in the consideration but it is not true with
the pressurised CO2. An optimization was done by Morandin (2011a) regarding the
selection of number of tanks and split water streams. A thermo-economic optimiza-
tion of 3 splits (i.e. 4 storage tanks) has been found for the 140 bar pressure CO2
stream. The minimization of investment cost and the exergy losses during heat-
exchange have been the main parameters of this optimization.
Pressure
Vessel
Tank 1
Tank 2
Tank 3
Tank 4
m3_4 
m2_3 
m1_2 
115.4 °C
2 bar
79.3 °C
1 bar
43.6 °C
1 bar
16.3 °C
1 bar
Figure 3.7: Hot Water Storage
The pressure rating in the 3 lower temperature tanks is 1 bar and for the vessel
with highest temperature water is 2 bar. The pressurisation is important to avoid
boiling and steam formation above the 100◦C temperature.
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Tank Size and Filling Process
The size of the storage tanks are also calculated in the study. Lowest and topmost
tank size is directly related to the mass flow rate associated with them, while the
two intermediate tank is the function of the differential of the inflow and the outflow.
V1 =
m˙1 2 × tC
ρw
(3.2)
V2 =
|m˙1 2 − m˙2 3| × tC
ρw
V3 =
|m˙2 3 − m˙3 4| × tC
ρw
V4 =
m˙3 4 × tC
ρw
During the charging cycle, tank 1 is completely empty while tank 4 is completely
full. While, other two tanks are partially or fully filled based on the inflow and
outflow values. For example, tank 3 will be partially filled if the inflow is larger
than the outflow value and when the charging duration is complete, tank 3 will be
fully filled. Opposite to this, tank 2 will be fully filled at the start of charging cycle
since, the inflow is smaller than the outflow value and when the charging duration
is complete, tank 2 will be completely filled. The opposite phenomenon will occur
for all the four storage tanks.
3.2.5 Cold Storage
The ice-slurry is used as the cold storage of the ETES system, which utilises the
latent heat of fusion of ice/water mixture. The initial system was designed with
ice on coil system with atmospheric pressure while ice is being stored in the same
tank. The new system has been discussed later and a vacuum ice maker has been
suggested by ABB. A typical vacuum ice maker has been illustrated in the following
Figure 3.8 which includes a motor in the bottom. But, the ABB system will not
have this motor.
The water is near the triple point in vacuum ice making process and thus, calcu-
lation of heat transfer coefficient is not simple. Vacuum ice maker is modelled as the
combination of one fixed coiled heat-exchanger and two storage tanks. While after
full operation, a 50− 50% ratio of ice and water is considered in the ice-slurry. The
storage tank is calculated on the basis of this mass and density ratio of the ice-slurry.
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Figure 3.8: Vacuum Ice Maker (VIM)
3.3 Design Constraints
Based on the frozen design concept some design constraints have been considered
which will be important during any further design modifications.
3.3.1 Machine Efficiencies
Turbo-machines with CO2 as the working fluid, are unique in nature with high den-
sity of power with respect to the dimensions/size. While it is expected that the
efficiency of these CO2 based turbo-machines will increase with the power (capac-
ity) of the ETES plant.
A possible plant size can be considered between the range of 1MW to 20MW
capacity, while the pilot plant size is 5 MW as the reference case. The efficiency
ranges and expected performance point of the various CO2 turbine efficiency has
been mentioned in the appendix section A.5 for the 5MW ETES system.
3.3.2 Heat-Exchanger Design
Fin plate type heat exchangers has been found suitable for the maximum pressure
rating of 150 bar of CO2. Above the 150 bar pressure to 200 bar, printed circuit
heat exchangers are the optimum selection. Fin plate deign heat exchangers ensures
large heat transfer surface with gasses, a pressure drop of 20kPa or 0.02 bar is
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considered for such heat exchanger. An overall convective heat transfer coefficient
of 2000 W/m2-K has been considered between the CO2 and water streams.
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Figure 3.9: Variation of CO2 Heat Transfer Coefficient with Temperature
Heat transfer coefficient if a function of Reynold’s number and Prandtl number,
which is reflected in above Figure 3.9. The same heat exchanger will be used both
in charging and discharging processes, the hydraulic diameter of the heat exchanger
will remain constant while the mass flow rate will change. Thus, a correction in heat
transfer coefficient is required for fin plate heat exchangers, as mentioned below in
the following Equation 3.3.
U = Uref ×
(
m˙
m˙ref
)0.7
(3.3)
In a real system, heat transfer coefficient, U will be dependent of mass flow rate,
while the heat transfer area, A of HEX will be constant. Thus, a methodology
is required for the effective and desired operation of the system in real conditions.
‘Split HEX’ and ‘Water Bypass’ approach have been discussed in the report (Hemrle,
2011a), mentioning the operational difficulties with ‘Split HEX’ approach. Conse-
quently, ‘Water Bypass’ approach is used in this study. The selection of approach
temperatures and minimum temperature difference is done in such a way that the
heat transfer area with respect to mass flow rate becomes almost equal during the
charging and discharging mode. While, the bigger of the two areas will be used for
calculating the cost of the HEX.
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3.3.3 Maximum Approach Temperature in Heat-Exchangers
To minimize the exergy losses in heat-exchangers, a maximum approach temperature
of 1.5− 2◦C has been considered. It is also focused that the minimum temperature
difference (∆Tmin) between the CO2 and water/ice-slurry streams is always greater
than 0.5◦C for the efficient heat exchange.
3.3.4 Maximum Pressure of Cycles
The pressure for the charging and discharging cycle must be very close to each other
so that the slope of the enthalpy curve for the discharging cycles must follow the
slope of the charging cycle for various temperatures values. This concept maintains
the required temperature difference, (∆T ) between the two streams in a heat ex-
change process. A significant value of ∆T results into the finite area of the heat
exchanger, which is basically a thermo-economic optimization of the cost. If the
selection of pressure curves is not correct, an efficient heat exchange will be lost due
to exergy losses. Additionally, it may create a requirement of hot and cold utilities
because creation of the pinch point between the hot and cold streams.
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Figure 3.10: Selection of the High Pressure during Charging & Discharging
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While charging and discharging cycle will occur sequentially, a storage has to be
developed between the two curves. Since, the specific heat capacity of CO2 varies
with temperature, there should be sufficient temperature difference between the
streams for heat exchange. In the case of using single water stream, which is linear,
there will a requirement of large temperature difference, (∆T ) and hence, occurring
exergy losses. To avoid this, a series of water streams can be used such that the mass
specific heat capacities of the CO2 and water streams are closely matched. This is
realised through locating number of water storage tanks as mentioned earlier.
Maximum Pressure of the Charging Cycle In the process of the charging the
maximum pressure of 140 bar has been selected.
Maximum Pressure of the Discharging Cycle In the process of the discharg-
ing the maximum pressure of 138.5 bar has been selected such that there is enough
temerature difference to accommodate the water storage streams.
3.3.5 No Superheating before Compression- Charging Cycle
Another constraint is considered, the superheating of CO2 stream before the com-
pression process in the charging cycle is avoided. The superheating will require an
additional low temperature heat source. A superheated compression till 140 bar
pressure will raise the maximum temperature of cycle and thus, will demand a high
pressure storage vessel.
3.3.6 Minimum Pressure of Cycles and Ice Storage
At low pressure side of the thermodynamic cycles, the ice-slurry is used as the
thermal energy storage. Water has the melting point of 0◦C at atmospheric pressure
and it will follow a almost straight line in temperature-enthalpy diagram. Ice-slurry
glide of 1.5◦C is considered. To utilise the this storage, the evaporating temperature
of CO2 in charging cycle should be lower than the freezing water and the condensing
temperature of CO2 in discharging cycle should be higher than the melting ice. The
condition corresponds to the low pressure of 32.4 bar and 39.5 bar for the charging
and discharging cycles respectively.
3.3.7 Maximum Temperature of Hottest Water Storage Tank
Boiling temperature of water is 100◦C at 1 bar pressure and 120.21◦C at 2 bar
pressure. To avoid the requirement of costly pressure vessel, a maximum of 2 bar
pressure rating vessel has been considered. 2 bar pressure is very small and does
not result in very high cost and maintenance is also easy. A high pressure will also
require the bigger pumping losses to pressurise the water which will lower the overall
efficiency of the ETES system. Thus, a safe limit of maximum temperature of 116◦C
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can be considered to avoid the boiling and steam formation in the storage pressure
vessel of 2 bar.
3.3.8 Minimum Temperature of Coldest Water Storage Tank
Minimum temperature of the coldest water tank is the design optimization of the
ETES, while matching the CO2 expander and pump operations based on the their
isentropic efficiencies. The temperature state at the outlet of the pump should be
lower than the temperature state at the inlet of the expander. In between the two
temperature levels, coldest water tank is located.
3.4 Balancing of Irreversibilities
Since, ETES system is hot thermal energy rich because of the system irreversibil-
ities of various sub-processes such as compression, expansion and heat transfer,
the removal of surplus heat is important to stop the gradual heating up of a site-
independent ETES system. According to ABB review report of ETES (Hemrle,
2011a), following mechanisms should be used to remove the surplus energy gener-
ated by the irreversibility of various sub-processes.
1. Auxiliary refrigeration unit to produce additional ice
2. Intercooling of compressor and/or turbine (heat exchange with ambient air)
3. Cooling of CO2 between gas cooler/heater stages
4. Auxiliary cooling of water tanks
A comparison of round trip efficiencies of the various methods of removing
surplus heat is performed and results has been mentioned. It is observed that
turbine/compressor intercooling has best performance compare to the cooling of
the CO2 stream between gas cooler/heater stages. While removal of surplus heat
through CO2 stream cooling is comparatively efficient than generating extra ice with
an auxiliary heat-pump (Ammonia - NH3 refrigeration). The reason is the low para-
sitic losses of the air fans compare to the ammonia heat-pump compressor. Turbine
intercooling is best compare to both compressor and turbine or only compressor
intercooling method.
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Abbreviations
m˙ kg/s, Mass Flow Rate
m˙ref kg/s, Reference Mass Flow Rate
Cp KJ/kg-K, Specific Heat Capacity
m˙Cp KJ/K, Mass Heat Capacity
Uref W/m
2/K, Reference Heat Transfer Coefficient
U W/m2/K, Overall Convective Heat Transfer Coefficient
A m2, Heat Exchanger Surface Area
Vi m
3, Volume of the ith Tank
m˙i j kg/s, Mass Flow Rate Between to i
th and jth Tanks
ρw kg/m
3, Density of Water
tC sec, Duration of Charging
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Chapter 4
Integration of District Energy
System with an Electro-Thermal
Energy Storage (ETES)
This section involves the discussion and the study related to the integration of ETES
with a district energy network. The various options of producing heating and cool-
ing services, suitable for district entwork network, has been discussed which are
developed with the modification in the frozen design of ETES. A comparison of
round trip efficiency and the exergy efficiency is also made for the various options
to evaluate their performance.
In finding the solution to the project problem, a set of possible solutions has
been generated though modifying the frozen design of the ETES system. Then, a
first set of filter is used in the iterative process to eliminate the options with poor
energy and exergy efficiency. Optimization is only based on the performance rather
than the cost for the first set of iterations. Finally two designs has been suggested
for the district energy network integration, based on the turbine intercooling and
the turbine bleeding processes.
Next step is to optimize the process of these two topologies, while improving the
design of components. The default flow sheets are developed for easier understanding
of the processes. In the later part, various operation modes has been discussed
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which will be suitable with the conventional, low temperature or suggested district
heating/cooling networks. In the following chapters, the increased profitability of
the integrated ETES system is evaluated.
4.1 Irreversibilities as a source of District Heating
As discussed in the previous chapter, system irreversibilities are required to dumped
outside to avoid the gradual heating of equipments and to avoid the out of operating
range conditions. The concept in case of a energy storage system is to remove the
system irreversibilities in the last possible step of one complete storage cycle, it will
maximize the round trip efficiency of the storage system. The following concepts
has been considered as the first step of study and they are evaluated based on the
compatibility with the district heating network.
4.1.1 Auxiliary Refrigeration Unit
The auxiliary refrigeration unit in the frozen design produces the additional heat
sink (ice) and dumped the surplus thermal energy into atmosphere (ambient tem-
perature). If we want to utilise this auxiliary unit to produce district heating, it
has to supply heat at the temperature levels above 90◦C, which is much higher than
the ambient temperatures of 25◦C. Though, it can be possible through using, multi
stage heat-pump cycle, but the parasitic losses will be very large to make the system
profitable. Rather this type of solution equates with the electrical heat-pump and
there are no added benefits of using this auxiliary heat-pump unit.
4.1.2 Cooling of CO2
Cooling of CO2 between gas cooler/heater stages at high pressure side of cycle is
another option to remove the surplus energy from the system. CO2 can be cooled
during the condensing and evaporation processes (charging and discharging cycle
respectively). The gas cooling can be performed through heat exchange with water
and an additional water storage should be created which will be connected to the
district heating network. The benefit of this method is the selection of temperature
levels as desired in the district heating network. A comparison study shows (Hemrle,
2011a) that gas cooling is less efficient compare with intercooling in turbo-machines.
4.1.3 Auxiliary Cooling of Water Tanks
It is the easiest way to remove the surplus energy from the system, which it is quite
similar to the cooling of CO2. Where as cooling of the water tanks will require three
additional heat-exchangers between each pair of storage tanks. Thermal energy
only above the temperature levels of the district heating network can be used for
the useful purpose. Thus, a significant amount of energy is just wasted which is
below the district heating temperature levels.
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4.1.4 Intercooling of Turbine
Intercooling of compressor and/or turbine is most efficient method to remove the
surplus energy from the system. Compressor intercooling is less efficient with re-
spect to the turbine intercooling, the reason is compressor intercooling decrease the
amount of energy and exergy at the hot thermal storage which in result reduces the
possible electricity production in the discharging cycle. The focus is on the turbine
intercooling and using it in most efficient way to make it compatible with district
heating network.
4.1.5 Source of District Cooling
District cooling is conventionally supplied through chiller units, which is basically
ice-slurry storage and chilled water is supplied in the distribution network. Thus,
ETES cold storage is very suitable to do the same job, while using the ice-slurry
storage as the source of cold energy. District heating is something which is primary
product for the cold countries and district cooling is a costly but less demanded
product. With the production of district heating services, a significant amount of
cooling services will be produced as discussed in the following sections.
4.2 Comparison and First Iteration Process
The round trip energy storage efficiency and the exergy efficiency are considered the
performance parameters to compare various suggested system. The exergy calcu-
lation has been referred from the books of Rosen (2007) and Favrat (2010). The
exergy efficiency is the ratio between the net output exergy in the form of electricity
and thermal streams with respect to the input exergy (input electricity). Whereas,
the round trip efficiency is the ratio of only output and input electricity. Both of
the definitions has been mentioned in the following Equation 4.1.
δEq =
∫ Tout
Tin
(
1− Ta
T
)
.δQ (4.1)
ηx =
Exout
Exin
=
Eeout + Ehout + Ecout
Eein
ηRT =
Eeout
Eein
The following table compares the various options considered for the first level
iterations. The options are listed as -
1. Auxiliary Cooling of Water Tanks
2. Turbine Intercooling
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3. Turbine Intercooling with Expander
4. Turbine Intercooling with Pump
5. Turbine Bleeding with Expander
6. Turbine Bleeding with Pump
Electricity Round Trip Exergy Electricity District Energy
Input Efficiency Efficiency Output Heating Cooling
Auxiliary Cooling of Water Tanks
108 GJ 53.53% 55.99% 57.82 GJ 14.29 GJ a 0 GJ
108 GJ 36.88% 53.35% 39.84 GJ 51.99 GJ a 114.38 GJ
108 GJ 18.44% 50.43% 19.92 GJ 93.75 GJ a 241.09 GJ
Turbine Intercooling
108 GJ 39.28% 60.04% 42.42 GJ 117.88 GJ a 52.29 GJ
108 GJ 27.88% 61.64% 30.11 GJ 252.92 GJ b 175.03 GJ
108 GJ 50.89% 59.48% 54.96 GJ 81.21 GJ c 28.17 GJ
108 GJ 56.07% 56.96% 60.55 GJ 39.24 GJ d 0 GJ
Turbine Intercooling with Expander
108 GJ 38.94% 59.87% 42.05 GJ 117.87 GJ a 54.91 GJ
108 GJ 22.38% 51.94% 24.17 GJ 117.87 GJ a 182.94 GJ
108 GJ 5.48% 44.05% 5.92 GJ 117.87 GJ a 313.58 GJ
108 GJ 34.92% 60.81% 60.55 GJ 200.99 GJ b 132.58 GJ
108 GJ 18.70% 56.14% 20.20 GJ 200.99 GJ b 300.68 GJ
108 GJ 50.66% 59.16% 54.72 GJ 81.21 GJ c 30.38 GJ
108 GJ 28.44% 54.41% 30.71 GJ 81.21 GJ c 288.85 GJ
Turbine Bleeding with Expander
108 GJ 53.84% 54.00% 58.14 GJ 1.06 GJ a 0 GJ
108 GJ 32.82% 50.38% 35.45 GJ 58.94 GJ a 135.27 GJ
108 GJ 5.48% 44.05% 5.92 GJ 117.87 GJ a 313.58 GJ
108 GJ 54.19% 54.34% 58.53 GJ 1.82 GJ b 0 GJ
Table 4.1: Comparison of Various modified ETES Systems
a : 90− 60◦C Supply-Return Temperature
b : 70− 35◦C Supply-Return Temperature
c : 55− 35◦C Supply-Return Temperature
d : 35− 25◦C Atmosphere - Air Cooling
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All the above modifications are based on the frozen design of the ETES sys-
tem. It can be seen from the above mentioned table that turbine intercooling have
better performance compare to the other topologies. It was observed that using a
second pump for the bleed or extracted part of CO2 stream results in slightly bet-
ter performance than using the expander. But, this method increases the cost of an
additional pump whereas expander is shared in both charging and discharging cycles.
Parameter Value
Charging Power 5 MW
Charging Time 6 Hours
Input Electricity 108 GJ
Discharging Power 5 MW (norminal)
High Pressure - Charging 140 bar
High Pressure - Discharging 135.3 bar
Low Pressure - Charging 32.6 bar
Low Pressure - Discharging 39.3 bar
Table 4.2: Modified Frozen Design Specification
Using a second pump, also create the difficulties in the dynamic control of the
system in a case when operating parameters are modified. A intermediate mixing
in the hot water heat exchanger is also not easy, and it is suggested to split this
lowest heat exchanger between the tank number 3 and 4 (the lowest two water stor-
age tanks). Thus, to avoid such control issues and the additional cost, use of the
second pump has been restricted and only expander option has been discussed in
the following sections.
Turbine intercooling is restricted to smaller amounts of district cooling produc-
tion, this can be increased by air cooling a part of the stream exiting from the
intercooler and then expanding it through an expander before mixing it with the
condensing stream during the discharging cycle. Though, it is totally optional since,
district cooling demand is comparatively smaller with respect to the district heating
demand in European countries.
Regarding the losses in an ETES system, a case of turbine intercooling topology
is discussed here as mentioned in the Table 4.3. The reference of the calculation
is 5 MW system with 6 hour charging duration, which corresponds to 108 GJ of
electrical energy (5MW × 6H × 3600/1000 = 108GJ).
It is clear from the mentioned table that turbomachines account for a larger share
of the exergy losses in an ETES system compare to the exergy losses in the various
heat exchange processes. The exergy losses in turbomachines are the corresponds to
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their isentropic efficiency, that is why higher efficiency machines will be desired. In
regard to the exergy losses in heat exchange processes, it is usually unavoidable and
can be minimize upto a certain extent only. These losses are due to temperature
difference between the heat exchanging streams.
Process Exergy Loss Exergy Loss in %
Turbo-Machines (Charging) 16.24 GJ 15.04%
Turbo-Machines (Discharging) 10.77 GJ 9.97%
Turbo-Machines (Total) 27.01 GJ 25.01%
Heat-Exchangers (Hot Storage) 5.03 GJ 4.66%
Heat-Exchangers (Cold Storage) 11.12 GJ 10.29%
Heat-Exchangers (Total) 16.15 GJ 14.95%
Total 43.16 GJ 39.96%
Table 4.3: Typical Exergy Losses in an ETES (Turbine Intercooling Topology) -
Reference 108 GJ
4.3 Turbine Inter-Cooling Topology
A process layout of the turbine intercooling topology has been illustrated in the
following Figure 4.1. This design uses one compressor and an expander during the
charging cycle while, it will utilise the two turbines and an intercooler along with
the condensate pump during the discharging cycle. If in case, a higher demand of
cooling services is seen, a stream can be split at the exit of the turbine intercooler to
cool it down (upto 24◦C) through air-cooler. Air-cooler will certainly, create some
parasitic losses in the system but they are very small with respect to other exergy
losses. The power required to drive the air cooler is calculated from the following
relation in the Equation 4.2 (Henchoz, 2010). It is considered that air cooler will be
able to perform its duty independent of the ambient temperature, while in reality
this might not be the case.
E˙AC = Q˙cond × 0.6× (Tcond − Ta)0.9937 (4.2)
According to process layout it is clear that, two additional storage tanks are re-
quired which will be connected to the district heating network. Storage tank ensures
the independent operation of the ETES without disturbing the operation with re-
spect to the heating network demand. There will be an additional water-water heat
exchanger between the district heating storage and the heating network. Similarly,
one more heat exchanger will be required at the cold side, between ice-slurry storage
and the district cooling network.
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4.3.1 Temperature-Entropy Diagrams - Turbine Inter-Cooling
Topology
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Figure 4.2: T-S Diagram: ETES Integration with District Heating: 90◦C −60◦C
Supply-Return Temperature
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Figure 4.3: T-S Diagram: ETES Integration with District Heating
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4.3.2 Operation Description
The selection of the intercooling pressure depends on the level of temperature re-
quired for the district heating services. By changing the pressure level of intercooling
and varying the inlet and outlet temperatures of the turbine intercooler, the amount
of heating produced can be changed. When, no heat is required, intercooler can be
operated close to ambient temperature to maximize the round trip efficiency.
4.4 Turbine Bleeding Topology
Turbine bleeding topology uses one compressor and an expander during the charging
cycle like the frozen design. It utilises the two turbines and a condensate pump dur-
ing the discharging cycle, while flow has been extracted between the two turbines.
The separated CO2 stream is first cooled to provide energy to a district heating
storage and then further cooled close to ambient temperature by an air-cooler. It is
then expanded through the expander, which is shared from the charging cycle. A
process layout of the turbine bleeding topology has been illustrated in the following
Figure 4.4.
This design is favourable for the higher production of the cooling services, since
extracted stream does not participate in the second turbine work. Two additional
hot thermal storage tanks are added which will be connected to the district heating
network. Storage tank provides the same benefits as in the previous design. Ad-
ditional water-water heat exchanger between the district heating storage and the
heating network is constituted. Like wise, one more heat exchanger is added at the
cold side, between ice-slurry storage and the district cooling network.
The operation is very similar to the previous design, only difference is that chang-
ing in the extraction ration (bleeding ratio) will control the amount of heating and
cooling services produced. This design makes a possibility to keep the production
of either of the service constant while varying the amount of the other one.
4.4.1 Fulfillment of District Energy Network’s Characteris-
tics
Both of the designs have separate district thermal energy storage and thus, district
energy services can be operated round-the-clock without any dependency on the
discharging cycle. IT should be able to adapt with the peak loads in the network
though varying the mass flow rate. While, this type of integration do not ensures
the power control through varying the supply and return temperature, which is a
highlighting characteristic of conventional district heating plant.
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4.4.2 Temperature-Entropy Diagrams - Turbine Bleeding
Topology
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Figure 4.5: T-S Diagram: ETES Integration with District Heating: 90◦C −60◦C
Supply-Return Temperature
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Figure 4.6: T-S Diagram: ETES Integration with District Heating
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Abbreviations
E˙AC KW, Air Cooler Power
Q˙cond KW, Condensing Gas Power
Tcond K, Condensing Gas Temperature
Ta K, Ambient Air Temperature
δEq KJ, Exergy of the Thermal Stream
Tin K, Stream Inlet Temperature
Tout K, Stream Outlet Temperature
Q KJ, Thermal Energy of the Stream
ηx Exergy Efficiency
ηRT Round Trip Efficiency
Ex KJ, Exergy Input/Output
Ee KJ, Electricity (Pure Exergy)
Eh KJ, Heating Services Exergy
Ec KJ, Cooling Services Exergy
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Chapter 5
Economics and Profitability
This chapter of the thesis deals with the examination of economics’ terms and also
listing the considered assumptions used during this study. The definition of var-
ious terms have been taken from the book “Principles of Microeconomics” by N.
Gregory Mankiw (Mankiw, 2008) and similar other books on microeconomics can
be referred for detailed explanation. There are commonly two types of markets -
Perfect Competition and Imperfect Competition. In a perfect competitive market
there are many buyers and many sellers which are trading almost identical products
and thus, all of them are price takers and individually do not influence the price of
the product. While in case of imperfect competition such as monopoly, there are
many buyers but a single seller of the product and thus, seller has full influence over
the market price.
5.1 District Energy Market - Monopoly
District energy i.e. heating and cooling services are monopolistic market in nature.
In respect to the district heating or district cooling markets, there are definitely
many buyers but with only one seller. Though, individually a buyer is unable to
influence the prices in the market and subjected at the receiving end of the activities
done by single seller. District energy market could possibly behaves as oligopoly, in
this market structure there are more than one sellers which trades identical prod-
ucts. For example, residential electric or oil heaters and cogeneration power plants
etc. could compete in the district energy market with the district heating supplier
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to provide the similar services.
But, in most of the cases district heating service provider buys and resells the heat
from cogenration plants etc. Only, residential electric & oil heaters are the possible
alternates to the consumers for heating services and residential air-conditioners for
cooling services. Though, law prevents or discourages the use of these equipments
in residential buildings in case of Switzerland and thus establishing the monopolistic
market. For generalization, an assumption of monopolistic market in both of the
district heating and district cooling markets has been considered in the following
study.
5.1.1 Consumer Behaviour
In economics the consumer behaviour towards a certain product or good is impor-
tant; i.e. the consumption of goods increase with increase in income of people or
not. Such products are called normal goods for which demand rises when income
increases and demand falls when income decreases considering the price of goods
remains constant. This is also termed as the positive income elasticity of demand
(BusinessDictionary.com, 2012; Economist, 2012). Ernst Engel curve’s explanation
for normal goods hold true for district energy services which are often demanded
more with the increase in the income of the people, a representation of raise in ‘living
standard’.
5.1.2 Revenues in Monopolistic Market
In a monopoly market, the market price is directly influenced by the single seller
or sometimes regulated by the government. On the other hand market price is not
influenced by either sellers or buyers as shown in the following Figure 5.1. The figure
explains the constant demand curve for perfectly competitive firms and a negatively
sloped demand curve for the monopolistic firm.
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Price Price
Quantity Quantity
Demand
Demand
Monopolist’s Demand CurveCompetetitve Firm Demand Curve
D ( = AR = MR )
D ( = AR )
MR
P
P(Q), P’ < 0
Figure 5.1: Demand Curves
The market price is a function of quantity produced for a monopolistic firm and
the total revenue of the firm is calculated as mentioned in the following Equation
5.1. The market price and the average revenue are complementary for any quantity
of production. While, AR gives an indication of revenues of a firm for each unit of
product, it does not convey regarding the added profitability or loss to the firm while
producing an additional unit of the product. Thus an quantity, marginal revenue
is defined, which is additional revenues earned by the firm by selling an additional
unit of the product. The concept of MR plays the most important role in finding the
quantity of the product for which the firm will maximize its profit. The calculation
of maximum profitability is discussed in the later section of this chapter.
TR = P (Q)×Q (5.1)
AR =
TR
Q
= P (Q)
MR =
∆TR
∆Q
=
dP (Q)
dQ
×Q+ P (Q)
Since, the demand curve is negatively slope, it may be expressed as P = a−b×Q
where a & b are positive numbers. TR and MR can be represented as in the following
Equation 5.2. From the earlier graph and following equations it can be stated that
marginal revenue of a monopolist firm is always less than the market price. For a
monopolistic firm, MR is maximum when quantity is 0 and it continuously decreases
with quantity. MR is 0 for produced quantity of a
2b
and grows negative for higher
values of quantity. Thus, a monopolistic firm will be interested for production of
quantity between 0 and a
2b
only to maximize its profit, since MR is positive only
in this range. In other words, a monopolistic firm is interested in production of a
quantity for which price elasticity of demand is greater than or equal to -1. Where
unitary (-1) price elasticity of demand represents the perfectly competitive market.
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P = a− b×Q (5.2)
TR = a×Q− b×Q2
MR = a− 2× b×Q
⇒MR = a⇔ Q = 0
⇒MR = 0⇔ Q = a
2b
In respect to ETES, we consider that electricity is bought from and sold to grid
at EEX price. This net money exchange acts as the operating cost for the ETES
while producing district heating and district cooling services as products. Thus,
revenues of ETES will be calculated after multiplying the price of district heating
and cooling with their respective output quantities. The discussion over the profit
maximization is discussed in the next section followed with the introduction of the
total cost of production.
Assumption: Regarding the market prices i.e. demand curves of the district heat-
ing and district cooling, these demand curves are difficult to establish without any
proper market survey. But, an assumption can be made based on the current market
prices for already existing district energy service markets. In reality, each country
and even each city market would have a distinct demand curve. A rule of thumb
for district heating market is that district heating prices should be around 80% of
the fuel prices (oil or gas prices) so that the district heating system may compete
with the domestic oil/gas heaters. Certainly, this is the reason why small towns and
villages do not have district heating networks, where revenues will be insufficient to
be profitable over the installation investments for the equipments and distribution
network. Similar assumption can be made for the district cooling markets while con-
sidering that they have to compete with the domestic air-conditioners or a building
cooling plant.
Though with this assumption, the market price (i.e. AR = P ) can be find out
for a given market but no information can be conveyed for the marginal revenues
of the firm. Since, correlation constants a & b are not known, an educated guess
of ME is the only way to make while knowing the relation of AR. Though this
situation can be avoid by considering the MR being equal to the AR, like in the
case of perfectly competitive market. Though, it is not a very good assumption but
certainly conservative approach towards finding the maximum probability point.
5.2 Total Cost of Production
The amount that the firm pays to buy all the inputs such as land, machines, elec-
tricity, labour, raw material etc. comes under the category of cost. In economics,
the cost to the firmed can be treated as the opportunity cost to the firm, consisting
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the implicit and explicit costs. Explicit costs are those, for which firm is required to
spend money (capital) and Implicit costs are those, for which firm is not required to
spend money. Explicit cost would be the rent for the land, labour and raw material
cost etc. Contrary, the Implicit cost is the money which individual (firm) would
have possibly earned had he worked at another firm instead.
The economist take both of the explicit and implicit costs to measure firm’s
costs, since they are interested in the firm’s production and pricing decisions. On
the other hand, accountants only consider the explicit costs, since they want to keep
the track of money flowing in and out of the firm. Thus, economic profit are calcu-
lated by reducing the explicit and implicit costs and accounting profit by reducing
the explicit costs respectively from the total revenue of the firm.
A positive economic profit indicates towards staying in the business, since it
covers all the opportunity costs and have sufficient revenue to stay in the business.
In respect to the ETES, the opportunity costs represent the possible money earned
by selling the electricity in place of selling the district heating and district cooling.
More texts are suggested to refer regarding the economic v.s. accounting profit of
a firm. The calculation of accounting profit is much easier compare to economic
profit and since we are interested in the accounting measures, we will introduce the
accounting profit in the following sub-sections.
5.2.1 The Production Function and Total Cost-Curve
The production function is the correlation between the physical quantities of various
inputs with the output quantity of the product. The inputs are essentially of two
types, fixed and variable inputs. Fixed inputs represents the land, machines and
other physical structures which does not vary over a small period of time and thus,
fixed. The fixed inputs also does not vary with the change in the physical quantity
produced for a product. It should be noted that with the given fixed inputs, the
product output can be ranged from zero to a theoretical infinite quantity.
On the other hand, the variable inputs, such as fuel, raw material and labour
charges etc. are proportional to the outputs of the product. In-fact the variable
inputs are not linearly proportional to the outputs and in result, the average vari-
able inputs tend to decrease first and then they increase after achieving a minimum
value. Where, average variable inputs are calculated by dividing the variable inputs
by the output quantity.
This phenomenon is called the diminishing marginal product and it can be ex-
plained with a potential example - as we hire more and more workers for a fixed
infrastructure, they have to work in more crowded conditions. Workers have to share
the machines and other fixed inputs; and in effect a reduction in the contribution
of each worker, i.e. the average productivity will fall. It is important to mention
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that not all inputs produce diminishing marginal product effect, such as fuel and
raw material which are usually linearly proportional to the output quantity.
Cost
Quantity
FC
VC
TC
(a) Total Cost = Variable + Fixed Cost
ATC
Cost
Quantity
(b) Average Total Cost
Figure 5.2: Firms Costs w.r.t. Output Quantity
Following the above discussion, a firm’s total cost are divided into two parts,
fixed and variable costs, where fixed and variables costs are associated to the fixed
and variable inputs respectively. As represented in the Figure 5.2a Total cost of
production increases proportionally with the output with a degree greater than 1.
The average total cost first decreases and later increases with respect to output after
crossing through a minimum value.
TC = V C + FC (5.3)
ATC =
TC
Q
But, the phenomenon of diminishing marginal product is usually missing or less
prominent for an ETES, since no cost related to labour is included in the operating
cost. The electricity trade off is the only part of operating cost of ETES and has
minimal diminishing marginal product effect.
5.2.2 Fixed Cost
The costs associated to the fixed inputs are referred as the fixed costs and they do
not vary with the quantity of output produced. Another property of these costs
is that they incur, even if the production is stopped. In reference to the average
fixed cost, it will continue to fall with the increase in the output quantity, since it
is inversely proportional to the output quantity.
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AFC =
FC
Q
(5.4)
FC =
IY
365
IY =
(i× (1 + i)n)
((1 + i)n − 1) × CAPEX
With respect to the ETES, fixed costs are associated with the investments
(CAPEX) of the ETES systems. The other fixed costs related to the rent of land
etc. are not accounted, since the information regarding them is unknown. Fixed cost
is the investment cost and computed as yearly instalments first. Yearly instalment
is then distributed equally for the 365 days of a year. This distribution of cost for
daily basis is important since, a charging and discharging cycle will take place every
day; more is explained in the following section which defines “One ETES Cycle”.
5.2.3 Variable Cost
Variable cost in case of ETES are essentially the operating cost, which is occurring
due to electricity trade off during the charging and discharging cycles every day.
Variable cost can be expressed as in the Equation 5.5, where VC is a function of
quantity of heat and cold produced for the district energy services after each ETES
cycle.
V C(QH+C) = (QEB × PEB)− (QES × PES) (5.5)
AV C =
V C(Q)
Q
Operating cost consist of two terms, first term representing the quantity of elec-
tricity consumed during the charging cycle multiplied with the price of electricity at
the time of charging period. Since, the price of electricity vary each hour of the day,
an average of the prices during the charging period is taken for simple calculations.
It is also assumed that these charging hours could possibly be distributed among
the day whenever electricity has the lowest prices, i.e. charging cycle may not occur
in one continuous duration. The second term is the quantity of electricity delivered
during the discharging cycle multiplied with the price of electricity at the time of
discharging period. Like the charging cycle, an average of the prices during the
discharging period is also taken, i.e. discharging cycle may also not occur in one
continuous duration.
5.3 Defining One ETES Cycle
Conventionally, the profit of a firm is calculated on a yearly basis and thus, the
variable (operating) costs and fixed (investment) costs are suppose to be calculated
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(or converted) to a yearly basis. The yearly concept is important, since instalments
of the investments are calculated on the yearly basis while using a single interest rate
for a particular year. Though it is possible to have monthly instalments but sticking
to most general case of yearly instalments. The yearly basis is also convenient for
doing the accounting calculations of profit, taxes and revenues etc. of a firm. The
calculation of total cost is represented in Equation 5.6, which is calculated on the
yearly basis.
TC [$/year] =
np∑
p=1
OPEX(p) +
(i× (1 + i)n)
((1 + i)n − 1) × CAPEX (5.6)
To realize this yearly cost calculations, it is also important to calculate the net
operating cost during several periods spanning over one year. Each operating period
represents a typical day operation in general; where it is observed that price of fuel
or services consumed does not change during each period. This assumption makes it
easy to calculate the net operating cost and in turn total cost of firm in a year. The
yearly total cost is then used to calculate the yearly profit of the firm by subtracting
it from the yearly revenues of the firm.
Thus, this estimate of profit (or loss) made by a firm on a yearly basis in turn
explains to do the business in district energy market. But, this calculation discard
the profitability during the each operating period and it is possible that the firm is
in overall yearly profit but possibly making loses during some of the operating peri-
ods. It is also important to note that in a conventional firm, the production in one
operating period is independent of seasonal, daily or hourly variations of services’
cost (fuel etc.) and product’s demand. A typical example of such firm would be a
car manufacturing firm.
But, in case of ETES the price of electricity and the demand of heating and cool-
ing services would vary with respect to season and even with hours each day. Thus,
it is possible that the ETES can be operated in different modes in each operating
period to maximize its profitability throughout the life time. Thus, a typical ETES
cycle has been defined for this purpose and profitability of each operating period
is calculated separately and then all of them has been summed up for the yearly
profit of an ETES. “One ETES cycle is defined as one charging cycle followed with
a discharging cycle occurring each day”.
The definition of each ETES cycle is important since, ETES is likely to trade
in European Energy Exchange (EEX) market or it can act at a primary backup
power station for the grid. Thus, each day ETES operates in Heat-pump mode to
store electricity in those hours when electricity price is very low or when grid is
overloaded (and ETES earn for consuming electricity). And, later ETES operates
in the Thermal-engine mode when the electricity demand is high (i.e. electricity
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selling price is high) or it acts as a backup power plant. Example of price variation
in EEX market is shown in the following Figure 5.3. It is evident that the EEX price
vary with respect to the season and also the day time. Thus, the price of buying
and selling electricity will be different for each operating period for each charging
and discharging cycle of ETES.
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Figure 5.3: Hourly Electricity Price Variation
Conventional characteristic of an ETES plant is an electric energy storage sys-
tem, while possibility of producing district heating and district cooling services as
additional products. District heating and district cooling could become a desired
product along with the electricity storage in a situation where district energy ser-
vices are in high demand on a season basis. In other situations when ETES is purely
acting as a electricity storage plant, district energy services become the by-products.
Since, it is considered that electricity exchange behaves as a type of fuel service
during the charging and the discharging cycle of ETES, which in turn is consumed
when district services are being produced. Thus, electricity is least consumed when
no district heat and district cold is produced, i.e. ETES works as an electric en-
ergy storage system only. The ratio of delivered electricity in discharging cycle with
respect to the consumed electricity during charging cycle will continue to decrease
when more and more district energy services are produced.
With considering that the district heating and district cooling are considered
as the products while electricity as a fuel; electricity trade off for each ETES cycle
becomes the operating cost of the ETES. Since, a most general ETES cycle will be
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completed in a day, while considering that electricity is being bought when electricity
market (EEX) prices are low and it is being sold when electricity prices are high
every day.
5.4 Marginal Cost
The average total cost (ATC) is the indicator of the net revenues and the profitability
of production while comparing it with respect to the market price of the product,
i.e. the production is profitable when ATC is smaller than market price of a product
and vice-versa for production being unprofitable. ATC do not convey information
over the quantity of a product for which the maximum profitability for the firm can
be achieved. Thus, a concept of marginal cost has been introduced.
MC =
dTC
dQ
(
=
∆TC
∆Q
)
(5.7)
ATC =
TC
Q
Marginal cost of production is defined as the increase in the total cost of pro-
duction arising from one additional unit of the product, which is represented math-
ematically in the Equation 5.7. Graphically, MC is the slope of the tangent at each
point of total cost curve and the following Figure 5.4a represents the evolution of
MC and ATC curves.
MCPrice (P)
Quantity (Q)
ATC
(a) Marginal Cost Curve
MC
Price (P) /
Revenue (R)
Quantity (Q)
MR
ATC
AR (D)
QMAX
(b) Revenues and Maximum Profit
Figure 5.4: Marginal Cost vs. Marginal Revenue in Monopoly
5.4.1 Properties of Marginal Cost Curve
The marginal cost curve of a firm have certain properties which are listed as following
-
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1. When MC is lower than the ATC, ATC decreases, irrespective of MC being
increasing or decreasing. and when MC is higher than the average total cost
(ATC), ATC increases.
2. Corollary to first statement, MC curve passes through the minimum of the
ATC curve.
3. The maximum profit of the firm is generated when the marginal revenue (MR)
is equal to the marginal cost (MC). This property is being explained in the
following subsection.
4. The production should decrease (or stop) when MC is higher than the MR, it
is a non optimum situation. Similarly, the production should increase when
MC is lower than the MR, while AR is higher than or equal to the ATC.
5. If AR is higher than ATC then, it is always profitable to produce, while it
does not guarantee the maximum profit.
6. The maximum profit condition (i.e. MR = MC) in case of a monopoly firm
does not guarantee a real profit, it may be a condition of least loss for the
firm. A monopoly does not guarantee the profit always and the economy of
scale is important such that ATC is lower than the demand curve.
5.4.2 Marginal Cost in Joint Production
Marginal cost calculations for the joint production firm are different from the single
product firm, i.e. a firm with more than one products is referred as the firm with
joint production. An ETES comes under the category of joint production firm,
since it produces district heating and district cooling services together. There are
two possible scenarios in case of joint products -
1. Joint products A and B are produced in fixed proportions.
2. Joint products A and B are produced in variable proportions.
In the case of ETES, the two services are not produced in a fixed ratio, rather
they are produced in variable proportions. The two products behaves a kind of
substitutable product to each other for a given total cost, termed as iso-cost curve.
An optimum can be find by locating a iso-revenue as tangent line over a given iso-
cost curve for the maximum profit. Iso-revenue line slop is equal to the price ratio of
the two products. The following Figure 5.5 represents the joint production scenario.
For an example, the quantities Qx and Qy of the two products X and Y respectively,
the total cost is TC1. While this condition is not optimum for maximum revenues
since, for the same cost TC1, maximum revenue of TC1 and profit of pi1 can be
made. Maher (2010); Hirschey (2006); Jensen (1974) are referred while doing the
joint product costing.
76
Output of Product Y (units)
O
u
tp
u
t 
o
f 
P
ro
d
u
ct
 X
 (
u
n
it
s)
0
Qx
Q’x
Qx3
Qy3Q’yQy
Qx2
Qy2
TC1
TC2
TC3
TC4
TR4
TR3
TR2
TR1
Iso-cost Curve
Iso-revenue Lines
π1
π2
π3
π4
Figure 5.5: Optimum in Joint Production in Variable Proportions
In the case of joint production, each product can be treated separately and thus,
a condition for which MC is equal to MR for each product, is required to satisfy
separately. For calculating the individual MC of the two products, a distribution of
total costs are must between the two joint products. Ideally, MC of either of the
joint product produced in variable proportions is equal to the increase in total costs
while one additional unit of product is increased and keeping the quantity of the
other joint product constant. In the cost accounting methods, cost of production
of multiple products can be calculated by following mentioned methods (Raiborn,
2010) -
1. Physical Measure Allocation - Easiest method to distribute the joint total
cost is through the means of physical measures, i.e. using the number of
physical units or using a common a physical measuring unit.
2. Monetary Measure Allocation: Net Realisable Value - Joint total cost is
distributed among the multiple products on the basis of the respective market
value of the produced products. The market value of each product is calcu-
lated by multiplying the market price with the produced quantity for each
product.
3. Monetary Measure Allocation: Net Realisable Value Less Normal Profit -
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This method is same as the last one, only benefit is that it takes care of any
split-off during the production of the different products. Though this method
is not important since, an ETES do not have any slit-off point for the two
products.
4. Weighted Averages Cost Allocation - When products are heterogeneous and
can not be represented in a common physical unit. The weights can be as-
signed based on the factors such as market price, market demand and the
manufacturing difficulty etc. for a each product.
5.4.3 Weighted Average Cost Allocation
An ETES is possibly doing the business in both district heating and cooling mar-
ket. Since, district heating and cooling services are comparable in the energy units
(MWh) and market price/demand of each of them could be different based on city lo-
cation and also season. Thus, a sufficiently suitable the weight to these two products
with respect to their demand and market price etc. Though, it is always subjective
to select these weights and one has to look the other factors as well. For an example
- in case of a city like Singapore, district heating becomes a waste product and has
to be destroyed until a intelligent use is not identified.
The weighted average method is used for ETES by assigning the relative weights
to the two products by calculating their respective market value, similar to the net
realisable value method. In a situation when only one product is sold and other
is being destroyed, maximum weight should be given for the sold product. The
respective weights are calculated as shown in the following Equation 5.8 based on
the market value of the two products.
weight H =
(Q H × P H)
((Q H × P H) + (Q C × P C)) (5.8)
weight C = 1− weight H
Further total joint cost is distributed among the heating and cold production as
shown in the following Equation 5.9. Similarly, individual average total cost and
marginal cost have been calculated. The weight factor may be modified based on
other factors which possibly an ETES may face during the field operations and which
are not considered in this study. An example for this scenario could be the relative
size of the ETES in the district heating and district cooling markets respectively
and also not to forget the electricity market. Being a primary or secondary plant
or a backup plant in either of the market will certainly change the market values of
the products and thus, selection of rational weight factors is suggested.
TCH = weight H× TC (5.9)
TCC = weight C× TC
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5.4.4 Profit Maximization
For a monopolist firm the profit (pi) is calculated by subtracting the Tc from the
TR of the firm. The relationship if mentioned in the following Equation 5.10. Let
consider the two conditions to maximize the profit, the first derivative of profit is
made equal to 0 and the second derivative to be negative. While the first condition
leads to the quantity for which MR is equal to MC. The second condition tells
that slope of MC should be higher than the slope of MR. Referring to the Figure
5.4b, the profit maximization quantity (QMAX) is represented for a general case of
a monopolistic firm.
max
Q
pi(Q) = TR(Q)− TC(Q) (5.10)
dpi
dQ
= 0⇔ dTR(Q)
dQ
− dTC(Q)
dQ
= 0⇔MR = MC
d2pi
dQ2
< 0⇔ (MR)′ < (MC)′
5.5 Components’ Cost Functions
As mentioned earlier, the fixed cost of the firm consists the various equipment costs
being used in constructing an ETES system. In this section, the various cost func-
tions of respective components have been introduced. To calculate the purchase
price and then total investment cost, it is important to choose the right cost func-
tions for the respective components which construct the ETES system. The property
of these functions are that they are defined only for a certain size (or power, flow
capacity) range for the respective components. That is why, selection of the right
cost functions is important for each component.
Most of these cost functions are provided by ABB and others have been taken
from the book “Analysis, Synthesis and Design of Chemical Processes” (Turton,
2009). A methodology is first discussed here regarding the calculation of compo-
nents’ purchase cost. According to the book of Turton (Turton, 2009) cost estima-
tion process can be performed at five level, following is the list in increasing order
of accuracy -
1. Order of Magnitude Estimate (+40% – -20%)
2. Study Estimate (+30% – -20%)
3. Preliminary Design Estimate (+25% – -15%)
4. Definitive Estimate (+15% – -7%)
5. Detailed Estimate (+6% – -4%)
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Since, only major equipments are included in cost computation and they are
sized roughly at this stage of the project, thus the accuracy in calculations could be
level with study estimates only. Although at the later stage of project, it is advisable
to improve the accuracy in cost calculations, once the specifications for components,
instrumentation, off-site utilities etc. are known properly.
5.5.1 Factors in Cost Estimate
A point is important to note here that, the relations represented in this subsection
are only used for the components for which the cost functions are taken from book of
Turton (Turton, 2009). Adding to further discussion, a cost function of a component
is commonly expressed as in the Equation 5.11 where purchase cost is a function
of size of the equipment. The factors influencing the cost of components are size
(capacity) & scaling, material, pressure and time value of money (inflation).
log10Cp = K1 +K2.[log10A] +K3.[log10A]
2 (5.11)
CBM = FBM × Cp
Globally, the component cost is consists of four major parts - Direct expenses,
Indirect expenses, Contingencies & Fees and Auxiliary facilities. All this effects are
expressed by “Bare Module Cost Factor”, FBM . The Equation 5.12 represents the
correlation for FBM and FP (Pressure Factor), where Cis are the Pressure Factor
correlation coefficients and P is the gauge pressure.
FBM = B1 +B2.Fm.Fp (5.12)
log10 Fp = C1 + C2.[log10 P ] + C3.[log10 P ]
2
B1 and B2 are the correlation constant which are categorized based on design of
a component. Fm is the material factor based on the design and the used material
for a component. Finally, grass root cost is calculated which is the sum of the total
module cost plus the cost for auxiliary facilities, expressed as in the Equation 5.13.
It corresponds to the overall capital investment of a new plant without considering
the expenses for land.
CGR =
∑
(1 + α1 + α2)× CBM (5.13)
α1 + α2 = 0.5
Where, α1 and α2 are the coefficients for the contingencies & fees and auxiliary
facilities Costs. The supplied value for this purpose by ABB is 0.5 to represent the
net effect of these two coefficients. The cost functions provided by ABB include the
“bare module factor” effect and thus, only the grass root cost calculation is done for
these components. The appendix includes all the relevant cost functions with plots
including the size range and the selected materials.
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5.6 Long Term Pricing in Energy Services
In a long run, the average price of energy services’ firm is a decreasing function
with respect to the quantity of the energy service being produced. District heating
in Sweden (Havskjold, 2009) and the pricing in electricity industry (Moran, 2000)
reflects the same trend. It will nice to see the similar trend with ETES plant as well
where, the total average cost will continue to fall with production of more quantity.
That reflects the missing phenomenon of diminishing marginal product (or marginal
cost) in the energy services’ firm.
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Abbreviations
P e/MWh, Market Price
D e/MWh, Demand Curve
Q Quantity of Product
TR e, Total Revenues
AR e/MWh, Average Revenues
MR e/MWh, Marginal Revenues
TC e, Total Cost, Daily i.e. One Cycle
ATC e/MWh, Average Total Cost
FC e, Fixed Costs, Daily i.e. One Cycle
VC e, Variable Costs, Daily i.e. One Cycle
AFC e/MWh, Average Fixed Cost
AVC e/MWh, Average Variable Cost
MC e/MWh, Marginal Cost
MR e/MWh, Marginal Revenue
i %, Interest Rate for Investments
IY years, Annual Installation over Investment
CAPEX e, Total Purchase Cost i.e. Total Investment
OPEX(p) e/year, Yearly Operating Cost
n years, Life of the ETES System
PES e/MWh, Selling Price of Electricity
PEB e/MWh, Buying Price of Electricity
QES MWh, Quantity of Electricity Sold
QEB MWh, Quantity of Electricity Bought
QH+C MWh, Quantity of Heat and Cold
np Hours, Operating Periods in a Year
weight H Weight of the Heating TC
weight C Weight of the Cooling TC
QH MWh, Quantity of Heat Produced
QC MWh, Quantity of Cold Produced
PH e/MWh, Selling Price of District Heating
PC e/MWh, Buying Price of District Cooling
pi e/year, Yearly Profit
Cp US$, Component Purchase Cost
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Chapter 6
Marginal Cost of Heating/Cooling
Production
Profitability calculations involves the calculations of the total investments and the
operating cost of an ETES system. While revenues are generated by selling the
heating and cooling services. While evaluating the profitability it is important to
find the marginal cost of producing the products. In this sections, marginal cost of
heating and cooling services has been illustrated through various plots in different
conditions (interest rate, life-time, electricity price etc.)
The considered ETES system of 5MW size is considered to be a relatively small
player in the overall district heating and cooling market. Considering the likely
scenario in which the district energy plant will be a monopolistic firm, it is still
valid that the market revenues (price) of heating and cooling do not vary with their
physical quantity being produced and sold, i.e. like the case of perfect market, the
market revenue curve follows a flat line with respect to quantity of product. Rather
price of energy services is influenced by an yearly average of the overall profitability
of the firm.
Being a small player relatively in the energy market, it is considered that all the
heating and cooling output is possible to sold irrespective of the weather conditions.
In respect to the price of buying and selling electricity, the peak and low prices at
spot electricity market are considered. In the following examples, price of electricity
is considered 10 Euro/MWh for buying and 70 Euro/MWh for selling it.
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The life time of the system is considered 30 years and a interest rate for invest-
ment is considered 6% for these examples, unless another value is specified. The
results consider one complete charging-discharging cycle occurring each day. Thus,
the capacity shown for the heat and cold production in MWh units refer to one
complete (daily) cycle of an ETES.
6.1 Marginal Cost of District Energy Production
- Turbine Intercooling Topology
There are conditions when district heating is the only useful product and cooling is
a by-product (waste) and vice versa. There is third most likely condition when both
services has the equal market value, comparative marginal costs can be illustrated
as in the Figure 6.1 and 6.2 for the heating and cooling services respectively.
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Figure 6.1: Marginal cost of Heating with Variable Market Value
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Figure 6.2: Marginal cost of Heating with Variable Market Value
6.1.1 Profitable/Competitive domain for District Heat/Cold
Production
Since, European market price of district heating is reported as in the range of 43.2
to 72 e/MWh and district cooling in the range of 49 to 80 e/MWh. It is rational
to select the part of production range of heating and cooling which has a lower
ATC than the mentioned market prices. In the following Figure 6.3, such profitable
ranges for heating and cooling are mentioned with the total cost along the Z-axis.
Height on this curve (the same color) represents the iso-cost profiles.
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Figure 6.3: Profitable Domain of Heating and Cooling Production
Variation in Marginal Cost of District Heating Production
The following Figure 6.4 represents the variation the marginal cost of heat pro-
duction while selecting the minimum and maximum level of cold production. In
this example, weight ratios are being selected on the basis of physical quantity be-
ing produced, while considering the equal price of heating and cooling in the market.
The blue coloured ATC cost box for heat production represents the area of ATC
for various production modes of heat and cold being produced. The heat produc-
tion for each cycle of 5MW ETES system ranges in between 33 to 50 MWh per cycle.
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Figure 6.4: Variation in Marginal Cost of Heating with the Change in Cooling
Production
Variation in Marginal Cost of District Cooling Production
The following Figure 6.5 represents the variation the marginal cost of cold produc-
tion while selecting the minimum and maximum level of heat production. Similarly,
in this example, weight ratios are being selected on the basis of physical quantity be-
ing produced, while considering the equal price of heating and cooling in the market.
The blue coloured ATC cost box for cold production represents the area of ATC
for various production modes of heat and cold being produced. The heat production
for each cycle of 5MW ETES system ranges in between 15 to 88 MWh per cycle. In
a cold country where district heat is primary demand, the low level of cold produc-
tion can be chosen, being in the range of 15 to 27 MWh per cycle. This range of
cold production can be increased for the same level of heat range being mentioned
in above paragraph.
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Figure 6.5: Variation in Marginal Cost of Cooling with the Change in Heating
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6.1.2 Variation in Marginal Cost w.r.t. Electricity Price
Another aspect of variation of marginal cost is with respect to the ‘Electricity Prices’,
which directly influence the operating cost of the system. A life-time of 30 years and
the interest Rate of 6% considered as mentioned in the previous subsection. The
investment cost (purchase cost) of the system can be found from the Appendix.
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Variation in Marginal Cost of District Heat Production
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Figure 6.6: Marginal cost of Heating w.r.t. Electricity Price
Variation in Marginal Cost of District Cold Production
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Figure 6.7: Marginal cost of Cooling w.r.t. Electricity Price
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6.1.3 Variation in Marginal Cost w.r.t. Life-time and Inter-
est Rate
The variation of marginal cost is also evaluated with respect to the ‘Interest Rates’
and ‘Life-Time’ of the system, which directly influence the investment cost of the
system. Electricity buying price of 10 e/MWh and electricity selling price of 70
e/MWh have been considered for the following comparison.
Variation in Marginal Cost of District Heat Production
32 34 36 38 40 42 44 46 48 50 52
−10
0
10
20
30
40
50
60
70
Average Total and Marginal Cost vs Heat Production
Heat Produced (MWh)
Co
st
s (E
uro
/M
Wh
)
 
 
ATC
MC
ATC
MC
30 Years
4% Rate
20 Years
8% Rate
Figure 6.8: Marginal cost of Heating w.r.t. Life-time and Interest Rate
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Variation in Marginal Cost of District Cold Production
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Figure 6.9: Marginal cost of Cooling w.r.t. Life-time and Interest Rate
6.2 Marginal Cost of District Energy Production
- Turbine Bleeding Topology
Similar comparison of marginal cost can be done for the turbine bleeding topology.
The trend of ATC and MC is basically similar as of the previous design.
92
6.2.1 Variation in Marginal Cost w.r.t. Electricity Price
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Figure 6.10: Marginal cost of Heating with Cooling as Waste Product
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Figure 6.11: Marginal cost of Cooling with Heating as Waste Product
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6.2.2 Marginal Cost with Both Equally Important Products
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Figure 6.12: Marginal cost of Heating with Equal Market Price of Heating & Cooling
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Figure 6.13: Marginal cost of Cooling with Equal Market Price of Heating & Cooling
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6.2.3 Marginal Cost with Zero Cold Production
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Figure 6.14: Marginal cost of Heating with Equal Market Price of Heating & Cooling
6.3 Sample Day Definition and Profitability
A typical variation of the heating and cooling demand can be illustrated as in the
Figure 6.15, which is a crude generalisation of demands anyway. A representative
day can be selected for each month which reflect the overall load demand during
that month. Similar thing is not possible with the electricity demand or rather elec-
tricity price. The post electricity prices vary each hour of the day and throughout
the year. Thus, a methodology is required to use to represent a sample day or days
for a particular month.
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Figure 6.15: Typical Cooling and Heating Load Demand
The average peak and low electricity prices for a month can be sampled in some
groups which can represent a set of similar days. The focus on the peak and low
prices is important because an ETES will be interested to sell and but electricity at
these prices only. Through this technique, four sets of days can be sampled for each
month. Number of samples can be selected more than four and that will increase the
resolution of the calculation and also the time of computation. According to Kanti
Mardia et al. (1979), Multivariate Analysis, Academic Press, rule of thumb says
that number of sampling set, k is approximately square root of half of the number
of data points, n.
k ≈
√
n/2 (6.1)
=
√
30/2 ≈ 4
Peak Price, e/MWh Low Price, e/MWh Multiplier Days
January
106.24 43.91 8
84.84 34.67 8
74.05 31.85 8
61.25 28.73 7
February
85.58 39.09 7
69.02 33.54 7
60.14 29.94 7
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50.47 24.95 7
March
60.86 28.62 8
53.22 27.84 8
48.19 25.05 8
42.63 13.34 7
April
57.46 26.43 8
47.78 19.80 7
44.05 17.64 8
37.44 11.71 7
May
55.03 10.29 8
47.00 14.86 8
43.33 15.65 8
37.13 7.81 7
June
56.77 23.18 8
48.28 23.34 7
43.47 15.79 8
37.56 10.22 7
July
66.86 26.72 8
50.74 23.50 8
45.08 22.77 8
38.15 15.14 7
August
75.52 26.01 8
52.55 19.18 8
46.17 22.02 8
38.13 11.67 7
September
71.45 25.42 8
57.63 22.85 7
51.19 19.58 8
44.22 14.67 7
October
93.99 28.55 8
75.97 28.35 8
62.78 28.32 8
51.21 -3.24 7
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November
74.37 22.93 8
57.66 9.64 7
51.04 18.27 8
45.40 3.56 7
December
72.11 30.15 8
57.05 24.03 8
50.47 22.32 8
40.00 -12.89 7
Table 6.1: European Energy Exchange (Random Year) - Sample Days
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Chapter 7
Conclusions and Future Work
Efficient electricity storage is the leading problem in front of the energy engineering
community. The large scale energy storage such as Hydro-Pumped storage are usu-
ally efficient but they are extremely site-dependent. Now, site-independent energy
storages are in the focus and it is expected that they will play an important role in
the energy market in the near future. Since, the electrical energy storage is done
in some other form of energy, chemical, pressure or thermal to say. There is likely
scenario to utilise these storages to power the other associated energy and resource
services.
In this study, a detailed study of the district energy system has been done and
possible modifications in a district heating system has been proposed which are
based on the human comfort standards. Based on the district energy network char-
acteristics, a successful design modification is performed on the ETES system, based
on the frozen design. The desired output was to integrate the district heating and
cooling network with an ETES system in such a way that a simple operational syn-
ergy can be developed between the two systems. The designs are evaluated on the
basis of thermal parameters, that were exergy efficiency and the round trip efficiency.
The basic idea of ETES has been kept restored that, it is primarily an electric
energy storage, which will likely to participate in the district heating and cooling
networks whenever monitory benefits are achievable. The advantage of using an
ETES for such purposes is that it is an site independent system and thus, can easily
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be located near a district (or, district energy plant).
The frozen design, which was developed by Corporate Research, ABB, Baden-
CH, was studied in detail and underlying design constraints were understood. These
constraints were incorporated in this study such that new design lies close to its
original form. The very first step of iteration has found that turbine intercooling
is an efficient way to produce the district heating services, while this option can
be attached with an extraction of stream at the exit of the intercooler to produce
additional amount of cooling services. The ratio of extraction largely depends on
the demand of the cooling services.
Another proposed design involves the stream extraction between the two stages
of the turbine. Both designs give the possibility of regulating the production of
heating and cooling services, but it is not a straight forward control, such as using
a single operating parameter. Whereas, a series of operating parameters, pressure,
inlet and outlet temperatures in the heat exchangers will be required to regulate
the production quantity of energy services. It is to be observed that these control
parameters are always applied at the heating production components, there is no
direct control of regulating the amount of cooling services.
Any engineering design is incomplete without the probability and economic eval-
uation. A detailed understanding of district heating and cooling networks’ market
behaviour is understood through the concept of marginal cost and the average total
cost. Total cost is constituted of two parts, one involving the system components’
purchase cost and other one involving the operating costs. this work is concluded
with the study of marginal cost of various energy services by the proposed ETES
designs. Some tasks can be listed as the future work to carry forward the present
work to convert into a usable product.
Future Work
1. A detailed study of the profitability can be done through a dynamic simulation
of the varying price of the electricity.
2. The operational parameters can be modified and optimized based on the given
electricity and district energy market. The site based optimization will explain
the variations in the design with respect to location and market demand curves.
3. Investment cost, profitability and system efficiency can be compared with re-
spect to scale economy effect, while selecting 1 MW size to a 20 MW size
plant.
4. A marginal cost and profitability study should be performed for the other
suggested district energy networks, which could be interesting where a new
energy service network will be installed and all components can be redesigned.
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Appendix A
Appendix
A.1 Currency, Interests, Life-Time
A.1.1 Currency Exchange Rates
Source XE Currency Exchange Website (XE, 2012) -
Currency Euro CHF US$ CEK
Euro 1.00 1.25 1.30 8.50
CHF 0.80 1.00 1.08 -
US$ 0.77 0.92 1.00 -
CEK 0.118 - - 1.00
Table A.1: Currency Exchange Rates (XE, 2012)
A.1.2 Interest Rate
Interest rates for the investments has been considered in the range of 4% to 12% to
account for a good market situation and a bad market condition as well. An average
of 6− 8% will be an rational choice for the realistic market in Europe.
Scenario Pessimistic Expected Optimistic
Interest Rate 12% 6% 4%
Table A.2: Market Interest Rate - Investments
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A.1.3 Life-Time of an ETES System
Scenario Pessimistic Expected Optimistic
Life-Time 20 Years 25 Years 30 Years
Table A.3: Life-Time of an ETES System
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A.2 Market Price
A.2.1 District Heating Market
EURO HEAT & POWER
Price of district heating is listed by Euro Heat and Power (POWER, 2009) for var-
ious European countries. Though they vary in the range of 12 - 24 e/GJ i.e. 43.2
- 86.4 e/MWh (year 2009 data) for different European countries. For an decent
estimate considered in this study Sweden’s price is mentioned as 16.55 e/GJ and
Germany DH price as 19.55 e/GJ which translated into 59.58 e/MWh and 70.38
e/MWh respectively for Sweden and Germany. An average price of district heating
could be considered same as of Germany’s for an example.
Euro Heat and Power also list the district heating prices for USA (12.14 e/GJ),
Korea (8.84e/GJ) and Russia (4.48e/GJ), which are 43.70e/MWh, 31.82e/MWh
and 16.13 e/MWh respectively. These prices are low and reflect the government
subsidy over fuel/energy and also the availability of cheaper energy resources in
these countries.
Sweden
The district heating prices was 621 SEK/MWh (73.06 e/MWh) for Stockholm and
351 SEK/MWh (41.29 e/MWh) for Va¨ster˚as city in Sweden as maximum and min-
imum prices in the year of 2006. Same year, 370 SEK/MWh (43.53 e/MWh) was
reported as the average marginal price of all district heating networks in Sweden
(Havskjold, 2009).
Switzerland
Services Industriels Lausanne (SiL) has fixed the price of district heating services
as 9.18 cents/KWh with CO2 tax and 8% VAT (SiL, 2009). Additionally, there is
an rental counter of CHF 10.80-/month with 8% VAT. These prices could translate
into 73.44 e/MWh.
A.2.2 District Cooling Market
IEA - District Heating and Cooling
South Europe - 49.9 e/MWh to 52.2 e/MWh, example Stockholm
North Europe - 75.4 e/MWh to 85.5 e/MWh, example Barcelona
Source - (http://www.iea-dhc.org/010507.html)
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Qatar
QR 0.206 per Ton Refrigeration Hour (TR-Hr) = QR 58.57 /MWh = 12.73 e/MWh.
Source - (http://www.qatarcool.com/FAQ.php)
Singapore
Capacity Charge : SG$ 19.18 / KW per month
Usage Charge : SG$ 0.0842 / KWh = 52.63 e/MWh
Source - (http://www.singaporepower.com.sg) (Effective from 1st May 2012)
A.2.3 Electricity Market
European Energy Exchange Market
“European Energy Exchange” market price has been considered as the spot market
price for buying and selling the electricity. For Simplicity, and average of the buying
hours’ and selling hours’ prices have been made during the charging and discharging
of the ETES respectively.
Switzerland
1. Geneva Source - Energy services websites of Geneva city.
Type
Electricity Prices (CHF/MWh)
Peak Hour Low Hour
Commercial 237.8 147.0
Table A.4: Electricity Price Geneva
2. Canton of Vaud (Lausanne) Source - Energy services websites of Lausanne.
Type
Renewable Sources Mixed Sources
Peak Hour Low Hour Peak Hour Low Hour
Residential 130 175.9
Commercial 136.2 104.8 190.3 158.9
Table A.5: Electricity Price Vaud (CHF/MWh)
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A.3 Cost Functions
A.3.1 Components Cost Functions
Component Size Parameter (X) Type Cost Function [US$]
CO2 Turbine & Power Output [kW]
Optimistic 1500×X0.692 + 10000
Expected 3000×X0.692 + 40000
CO2 Expander High 4000×X0.692 + 100000
CO2 Compressor Power Input [kW]
Optimistic 6000×X0.6 + 10000
Expected 9000×X0.6 + 20000
High 10000×X0.6 + 200000
CO2 Pump Power Input [kW]
Optimistic 1500×X0.65 + 32200
Expected 1500×X0.8 + 50000
High 1700×X0.9 + 64700
Water Pump Vol. Flow Rate [m3/s]
Optimistic 44159×X0.65 + 20000
Expected 44159×X0.9 + 30901
High 50000×X + 40000
Pressure Vessel Volume [m3]
Optimistic 2000×X0.6 + 2000
Expected 4500×X0.6 + 10000
High 7000×X0.6 + 25000
Water Tank Volume [m3]
Optimistic 200×X0.785 + 2000
Expected 600×X0.785 + 8000
High 1200×X0.785 + 25000
Fin Plate HEX Surface Area [m2]
Optimistic 300×X0.816 + 1000
Expected 450×X0.816 + 5000
High 800×X0.816 + 10000
Var. Speed Drive Electric Power [kW] Expected 110×X + 5000
Table A.6: Summary of ABB provided Cost Functions
A.3.2 Other Heat Exchangers
Mentioned below are the cost function of other heat exchangers which were consid-
ered during the study and were not provided by ABB Switzerland. Ltd.
1. Fixed Tube Heat Exchanger - Fixed tube heat exchanger is used for CO2 -
Ice-slurry heat transfer. The cost function is taken from book of Turton (2009) and
expressed as following with surface area [m2] as the sizing parameter. A represen-
tative plot is mentioned in the Figure A.7 as well.
log10(C) = 4.3247− 0.3030× log10(X) + 0.1634× (log10(X))2 (A.1)
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2. Flat Plate Heat Exchanger - Flat plate heat exchanger is used for water-
water and water-ice heat transfer, though, the overall heat transfer coefficient is
different in two cases. The cost function is taken from book of Turton (2009) and
expressed as following with surface area [m2] as the sizing parameter. A represen-
tative plot is mentioned in the Figure A.7 as well.
log10(C) = 4.6656− 0.1557× log10(X) + 0.1547× (log10(X))2 (A.2)
3. Air Cooler Heat Exchanger - Air cooler heat exchanger is used for CO2 - air
heat transfer. The cost function is taken from book of Turton (2009) and expressed
as following with surface area [m2] as the sizing parameter. A representative plot is
mentioned in the Figure A.7 as well.
log10(C) = 4.0336 + 0.2341× log10(X) + 0.0497× (log10(X))2 (A.3)
A.3.3 CO2 Turbine & Expander
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Figure A.1: CO2 Turbine Cost
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A.3.4 CO2 Pump
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Figure A.2: CO2 Pump Cost
A.3.5 CO2 Compressor
103 104 105
101
102
103
Compressor Cost
Power [kW]
Pu
rc
ha
se
 C
os
t /
 
Po
w
er
 [U
S$
 / k
W]
 (2
00
9)
 
 
ABB Data − Expected
ABB Data − Optimistic
ABB Data − High
Figure A.3: CO2 Compressor Cost
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A.3.6 Water Pump
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Figure A.4: Water Pump Cost
A.3.7 Water Tank
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Figure A.5: Water Tank Cost
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A.3.8 Fin Plate Heat Exchanger
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Figure A.6: CO2-Water Fin Plate Heat Exchanger Cost
A.3.9 Other Heat Exchangers
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Figure A.7: Heat Exchanger Cost
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A.3.10 Variable Speed Drive
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Figure A.8: Variable Speed Drive
A.4 Heat Capacities
Heat Capacities Water
Latent Heat of Fusion 334 KJ/kg
Latent Heat of Vaporisation 2260 KJ/kg
Sensible Heat at 100◦C (steam) 2.08 KJ/kg-K
Sensible Heat at 100◦C 4.18 KJ/kg-K
Sensible Heat at 25◦C 4.18 KJ/kg-K
Sensible Heat at −10◦C (ice) 2.11 KJ/kg-K
Table A.7: Heat Capacities of Water
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A.5 CO2 Turbo-Machine Efficiency
Turbo-Machine
Efficiency
Operating Range Expected Performance
CO2 Turbine 75 - 90% 90%
CO2 Compressor 80 - 90% 88%
CO2 Expander 70 - 85% 85%
CO2 Pump 75 - 85% 85%
Table A.8: Ranges of Efficiencies of CO2 Turbo-Machines - Reference 5MW System
(Hemrle, 2011a)
A.6 Heat Transfer Coefficients
Components Heat Transfer Coeff. Min. Temp. ∆Tmin
CO2 - Liquid Water 2000 [W/m
2-K] 0.5◦C
CO2 - Ice-slurry 16000 [W/m
2-K] 2.5◦C
CO2 - Air 500 [W/m
2-K] 6.0◦C
Liquid Water - Liquid Water 1200 [W/m2-K] 4.0◦C
Liquid Water - Ice-slurry 500 [W/m2-K] 5.0◦C
Table A.9: Heat Transfer Coefficients and Minimum Temperatures, ∆Tmin
A.6.1 Pressure Drop in Heat Exchanger
CO2 - 0.2 bar or 20 KPa for each heat-exchanger.
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A.7 ETES System Cost
A.7.1 Turbine Inter-Cooling Topology
Components Size Purchase Cost
Compressor 5.865 MW 2.4920× 106 US$
Turbine 1 1.708 MW 8.3589× 105 US$
Turbine 2 5.923 MW 1.8942× 106 US$
Expander 0.865 MW 8.3134× 105 US$
Pump 2.631 MW 1.3006× 106 US$
Water Storage Tanks (4 in no.s) - 9.0425× 105 US$
Water Pump (3 in no.s) - 1.5347× 105 US$
HEX High Press. (3 in no.s) - 1.4522× 106 US$
Speed Drives (2 in no.s) - 1.1218× 106US$
Ice Maker (HEX + Storage Tanks) - 1.0446× 106 US$
Turbine Intercooler HEX - 1.9804× 105 US$
District Heating Storage - 4.1694× 105 US$
Air Cooler - 4.0792× 105 US$
District Heating Network HEX - 5.3393× 105 US$
District Cooling Network HEX - 1.1730× 106 US$
Total purchase Cost 14.7602× 106 US$
Total purchase Cost - No Air Cooler 13.2664× 106 US$
Table A.10: Purchase Cost of Turbine Inter-Cooling Topology
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A.7.2 Turbine Bleeding Topology
Components Size Purchase Cost
Compressor 5.865 MW 2.4920× 106 US$
Turbine 1 1.245 MW 6.8365× 105 US$
Turbine 2 5.603 MW 1.8942× 106 US$
Expander 0.865 MW 6.8000× 105 US$
Pump 1.919 MW 1.0271× 106 US$
Water Storage Tanks (4 in no.s) - 9.0425× 105 US$
Water Pump (3 in no.s) - 1.5347× 105 US$
HEX High Press. (3 in no.s) - 1.3732× 106 US$
Speed Drives (2 in no.s) - 1.0455× 106US$
Ice Maker (HEX + Storage Tanks) - 1.0446× 106 US$
Turbine Bleeding HEX - 2.3570× 105 US$
District Heating Storage - 4.1694× 105 US$
Air Cooler - 4.0792× 105 US$
District Heating Network HEX - 5.3393× 105 US$
District Cooling Network HEX - 1.1730× 106 US$
Total purchase Cost 14.0655× 106 US$
Total purchase Cost - No Bleeding 11.5537× 106 US$
Table A.11: Purchase Cost of Turbine Bleeding Topology
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